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EXECUTIVE SUMMARY 
This research has been directed at furthering the utilization of crude glycerol oversupply 
formed as a by-product from the biodiesel manufacturing process. Phosphorylation of hydroxyl 
groups is a synthetic route that was investigated for the conversion of glycerol into a glycerol-
phosphate (GPE) ester mixture. The process investigated for the synthesis of a GPE product 
was based on phosphorylation reaction procedures that were previously reported in the 
literature.   
The reaction to convert glycerol into a GPE mixture has been thoroughly investigated and the 
hydrogen chloride gas formed as a reaction by-product has been optimized. The chemical 
properties of GPE have been studied and discussed together with a mass balance of the 
overall glycerol phosphorylation process. 
The phosphate groups contained in polyhydric phosphate molecules have a potential chelating 
effect on cations. There are several cations that may be chelated by the phosphate ester group 
of polyhydric phosphate molecules. These cations include ammonium (NH4
+), Potassium (K+), 
Calcium (Ca2+) etc, which are essential as nutrients in plant fertilizer formulations. This 
research has investigated the use of a GPE synthesized from glycerol in the laboratory and the 
use thereof as a phosphorus containing base in the formulation and evaluation of Nitrogen, 
Phosphorus and Potassium (NPK) containing fertilizer solution, Ammonium-Potassium-
Glycerol-Phosphate (APGP) fertilizer solution. 
The APGP fertilizer solution has further been evaluated by growing two week old tomato 
seedlings under controlled conditions. The performance of the APGP fertiliser solution has 
been evaluated using design of experiments by comparison with traditionally used liquid 
Ammonium-Potassium-Phosphate inorganic fertilizer. This fertilizer solution has been prepared 
in similar manner as APGP formulation with the difference between them being the source of 
phosphorus.   
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The results have been evaluated using statistic analysis where a significant difference between 
the evaluated fertilizer formulations was found. The comparative study of these formulations 
was monitored by the observed plant weights. A blank treatment was used as a control to 
determine if a significant difference among these formulations was observed.  
Anova single factor and t-Test methods (Two-Samples assumed of equal variances) are 
statistical models that were applied to interpret the observed experimental data with respect to 
wet and dry weighed masses of tomato seedlings. These methods indicated a confirmed 
conclusion that there was a significant difference between APPO4 solution and APGP solution. 
The observed data have shown that the APPO4 solution provided significantly better fertigation 
performance than APGP solution.  Consequently, further investigation has been conducted to 
determine the cause of the poorer performance of the APGP solution. 
The further study of the APGP fertilizer solution included nutrient stability testing, biological 
analysis and other observed physical changes of the APGP solution over time. Biological 
results have revealed the presence of a Fusarium fungus species that has grown and is 
suspended in APGP fertilizer solution. This microbe species has been observed to play a vital 
role in consuming fertilizer nutrients. In addition, the observed abnormal plant growth and 
nutrient decomposition of the APGP formulation has been proposed to be mostly a result of the 
pathogenicity of the fusarium fungi species that was suspended in the APGP solution. Further 
work has been proposed in which the effect of such biological contamination is eliminated 
through adequate sterilization procedures and the APGP formulation re-evaluated.  
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NOMENCLATURE 
Symbol        Description                  Units 
Y      Peak area of sample    (mAU) 
b1      Sample concentration     (mg.ml
-1) 
X     Quantified sample concentration   (mg.ml-1)  
Org-P     Organic-phosphorus    (mg.ml-1) 
Inorg-P    Inorganic-phosphorus    (mg.ml-1) 
Inorg-PO4 
-3    Inorganic-Phosphate    (mg.ml-1) 
Mass C    Source chemical mass    (g.mol
-1) 
Mass N      Nutrient mass      (g.mol
-1) 
Ar      Atomic mass unit     (g.mol
-1) 
Mr       Molar mass       (g.mol
-1) 
b0      Intercept value                                             (m AU) 
Sxo     Error uncertainty       (%) 
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 CHAPTER ONE 
1. INTRODUCTION  
1.1. Background on bio-fuel production  
Energy derived from fossil fuels is believed to have a significant contribution towards the 
current  environmental imbalance, which has contributed to the issue of global warming, a 
potential world  disaster that is caused by large amounts of anthropogenic emission of  toxic 
gases to the earth's atmosphere such as carbon dioxide, carbon monoxide, sulphur dioxide, 
etc.1 In addition to emissions from coal fired power stations and other industrial activities, these  
gases are also released through the exhaust emissions of trucks, cars, aircraft and bus 
engines, when these fuels are combusted. Researchers have therefore focussed much effort 
on investigating alternatives for the production of energy, including liquid transport fuels, which 
will produce sustainable and environmentally friendly fuels. Bio derived liquid transport fuel has 
been introduced as a potentially viable alternative liquid transport fuel alone or as a blend with 
existing fossil fuels (petroleum fuels).2,3 
Bio-fuels are derived from renewable resource materials such as biomass (i.e. Plants, plant 
crops and animal fats) to produce energy in the form of liquid fuels. These bio-degradable 
materials are used as the primary source for energy production. In bio-fuel processing, fatty 
acids and cellulose are extracted from biomass and further processed to produce different 
types of bio-fuels. The chemicals extracted from biomass consist of various compounds such 
as triglycerides, cellulose, etc. Triglycerides are transesterified with short-chain alcohols using 
catalysts to form mono-alkyl fatty acid esters (Bio-diesel), while cellulose is hydrolysed with 
acid catalysts to produce carbohydrates (simple sugar molecules) that are fermented further 
with biological enzymes to produce bio-ethanol.1,3  
Recent studies have revealed many different scientific techniques that have been developed 
for energy processing from biomass material (bio-refineries).2 These developments indicate a 
growing research interest regarding the global utilization of bio-fuels for energy production.  
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There are numerous advantages that have been observed for the utilization of bio-fuels as a 
source of energy. These advantages have been observed on the chemical and physical 
performance of bio-fuels compared to those of fossil fuels. The chemical and physical 
properties of bio-fuels make them to be more environmental friendly compared to fossil fuels. 
As a consequence of the environmental competitiveness of bio-fuels, these fuels have gained 
credit as a highly ranked and promising alternative fuel that is expected to be adopted as a 
substitute or blend with existing fossil fuels.3 
Daniel Puppan et al. have shown their support for bio-fuel usage, after performing a toxic gas 
emission analysis in bio-fuels and comparing them to those of petroleum fuels. In their 
research analysis, they tested these fuels by burning them in automobile vehicle engines. 
Limited toxic gas emissions were observed in bio-fuels with the highlighted advantage of 
carbon dioxide (CO2) recycling in the bio-fuel route.
    
The carbon dioxide recycling process has been explained as the uptake from the atmosphere 
of carbon dioxide gas, emitted from the burning of bio-fuel, by plants during photosynthesis to 
produce further biomass. The regenerated biomass material is in turn used again for bio-fuel 
production.  In effect, the process results in re-use of emitted carbon dioxide with no observed 
net emission to the atmosphere (renewable process).3 
Bio-fuels have been found to be free of aromatic compounds, unregulated aldehydes and 
sulphur content. They are thus regarded as an effective alternative fuel that can be embraced 
to reduce the large amounts of toxic gas emissions to the atmosphere. Based on literature 
observations, the use of bio-fuel as a source of energy is supported as an alternative 
environmentally friendly fuel for energy processing. It is believed that bio-fuels will play a vital 
role in rectifying the environmental effects that have been caused by the prior use of fossil 
fuels. 4,1,3  
 
1.1.1. Challenges Associated with Bio-fuel Production   
There are many challenges that have been identified from bio-fuel use as a primary source for 
energy production. These challenges have been based on the feasibility of its use as a primary 
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source of energy. The issue of food versus fuel has been pointed out as a major global 
challenge to overcome from this fuel route. This challenge has been based on the fact that, the 
biomass materials used for energy processing include agricultural products that are used for 
human consumption. These products include biomass material that is rich in carbohydrates 
(starch) and fatty acids (triglycerides). For example, sugar cane, sugar beet, sorghum 
(Carbohydrates) and soyabean, sunflower oil, tallow (triglycerides). The presence of 
extractable cellulose and oil material from these products has shown potential as a possible 
renewable fuel process for ―green‖ energy production. The issue of food security for human 
consumption has however been considered as major challenge to be overcomed.5  
The issue of food security is countered by the challenge posed by the major decline in global 
fossil fuel oil reserves, which has caused the price of crude oil to rise dramatically. The 
introduction of bio-fuel has thus been viewed as a possible promising solution that can be 
adopted and utilized to overcome those socio-economic and environmental problems.5  
The recent introduction of bio-fuel derived from natural non-consumable biomass has been 
reported as to rectify some of the above mentioned disadvantages that are associated with 
bio-fuels. These recent bio-fuel routes are based on bio-chemical and thermo-chemical 
conversion of algae and other non-consumable biomass into green energy fuels. These two 
conversion processes are defined as multi-functional methods, whereby the bio-chemical 
conversion method has many different routes for the production of different types of fuel.  
Thermo-chemical conversion processes include the liquefaction, pyrolysis and gasification of 
biomass and algae to produce fuels or fuel precursors.4 
In thermo-chemical processes, algae is exposed to high temperature and pressure in order to 
break down the biomass structure and rebuild to  produce fuel material in the form of gas and 
liquid. Biochemical processes involve fermentation, anaerobic digestion and other processes 
that require the utilization of microorganisms and/or enzymes to convert biomass into fuels. 
Due to the observed fast growth rate of micro-algae and its high carbon dioxide fixation ability, 
much attention has been given to these processes. Research interest has been based on 
attempting to devise new ways for improving the growth rate and harvesting of micro-algae.  
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Naturally occurring algae exist as photosynthetic micro-organisms that are capable of using 
solar energy to combine water and carbon dioxide to produce sugar rich biomass containing 
fatty acids (triglyceride). Scientific methods have been reported in the literature that enhances 
the algae growth rate. The observations had showed a great potential for algae as a feasible 
source of green energy that can be adopted to reduce the excessive amounts of carbon 
dioxide gas emission from the atmosphere. It has also been observed that higher amounts of 
biomass material are produced from bio-algae as compared to other energy crops.  
The research effort in bio-energy research describes two main energy processing routes that 
are derived from bio-algae species, namely bio-ethanol and biodiesel routes. These energy 
production methods have been reported as cleaner fuel alternative source for energy 
production.6,1,5  
 
1.1.2. Bio-ethanol  
Bio-ethanol is derived from a process that has been developed through conversion of complex 
sugar molecules (cellulose) by acid hydrolysis to form simple sugar molecules (carbohydrates). 
The resultant carbohydrate is then fermented with enzymes (catalysts) to produce upgraded 
bio-ethanol (C2H5OH) for fuel use. Carbon dioxide (CO2) gas and other small fine chemical 
products are recovered as by-products of the process. Biomass material used in this process 
is obtained from agricultural products made up from consumable material such as sugar cane, 
sugar beet or other plants rich in cellulose.  Fine chemical by-products that are formed in the 
bio-ethanol processing route are useful products. These include propylene glycol, lower polyol 
molecules and unfermented material containing high protein concentration and other nutrients 
that may be used as a good livestock feed ingredient.7  
Elba P.S.Bon et al. reported a strong growth of bio-ethanol production, since green fuel 
research has strongly focused on cellulose extraction and other agricultural crops such as corn 
stover, wheat, rice straw as well in citrus residues that are generated from orange biomass 
processing.5  
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In their studies, they highlighted the rapid growth of bio-ethanol production in America 
countries, whereby an annual estimated fuel production from sucrose sugar derived from 
sugarcane in Brazil and corn starch in United States of America were estimated to be a total of 
10.6 billion gallons (40 billion L) per annum and shown to be a continual improving process.   
Puppan D et al. showed in their work that a small amount of bio-ethanol, produced from 
fermentation, is added to gasoline to give a blended fuel product.  The resultant fuel blend has 
been noted to play a vital role in petroleum fuels. The blend increases the octane rating of 
gasoline through oxygen atoms in the gasoline blend which decreases exhaust emissions of 
carbon monoxide (CO), carbon dioxide (CO2) and other gasses from petroleum fuels.  The fuel 
blend of bio-ethanol with gasoline is known as gasohol.3    
Scheme1 below denotes the reaction pathway for acid hydrolysis and followed by fermentation 
process of observed complex sugars into bio-ethanol fuel. 
Cellulose (s) C6H12O6 (s) CH3CH2OH (l) + CO2 (g)
hydrolysis
acid catalyst
fermentation
Enzyme (cat)
 
Scheme 1: Biological processing of bio-ethanol    
 
Figure 1 below illustrates the possible microbiological pathways for bio-ethanol production from 
sugar rich biomass. 7 
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Source Ref.7 
Figure 1.1: Microbiological process for bio-ethanol production 
From the above figure, the  upper route defines a concentrated acid process that uses 
sulphuric acid to hydrolyse a starch/cellulose to form simple sugar molecules (carbohydrates), 
followed by fermentation  of the carbohydrates  with yeast to produce bio-ethanol and other 
useful by-products. The acid recycling stage at the end of the cellulose hydrolysis step has 
been identified as an important part of the process in order to achieve a cost effective bio-
ethanol processing route.  
The second route is described as a Simultaneous Saccharification and Fermentation (SSF) or 
Simultaneous Saccharification and Co-Fermentation (SSCF) process that requires pre-
treatment of biomass for bio-ethanol and enzyme production. In order to make use of the 
SSF/SSCF process, an organism capable of fermenting pentose and glucose to ethanol is 
required.7 
Puppan D et al. provide more clarity on other useful fine chemicals that are recovered as co-
products from the bio-ethanol route. These chemicals include carbon dioxide gas (CO2), lower 
polyol molecules and the residue mash (non-fermentable solid biomass material formed from 
corn and yeast cells). They further explained the importance of the large amount of carbon 
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dioxide, formed as a by-product during the fermentation process that is separate from alcohol 
residuals, compressed in tanks and sold for carbonate use in beverages or flash freeze meat. 
Residual mash is used as a highly valued livestock feed ingredient that is rich in protein and 
other nutrients. Other chemicals such as organic acids, 1, 2-propanediol,  alcohols and 
aromatic intermediates are separated from the mixture individually, purified and sold for further 
industrial chemical processing.3  
 
1.1.3. Biodiesel   
Biodiesel is produced from fatty acid extracts of plants (bio-algae, Jatropha, sunflower, etc.), 
plant seeds (soya beans, corn seeds, etc.) and also from saturated and unsaturated animal 
fats (tallow). The combination of these saturated and unsaturated fatty acids is known as 
triglycerides. Such triglyceride molecules are used as the major feedstock material for 
synthesis of mono-alkyl fatty acid esters (biodiesel). Bio-diesel is produced by the 
transesterification of triglyceride molecules with a short chain alcohol in the presence of a 
catalyst, to produce mono-alkyl fatty acid esters (biodiesel) and glycerol as a by-product. 2,5,6 
The transesterification of triglycerides has been reported for aliphatic mono substituted 
alcohols (reactant) using chemical or biological catalysts. In this process, short-chain alcohol 
molecules are preferred because they are cost effective.8 The first step of transesterification 
reaction is based on generating an alkoxide; from the reaction of sodium hydroxide (base 
catalyst) with an alcohol (preferable methoxide). This step only occurs when a homogeneous 
base catalyst is used in the process. The formed alkoxide acts as a strong nucleophile and 
attack the unprotonated carbonyl carbon of the triglyceride molecule, leading to the formation 
of mono-alkyl fatty acid esters (Biodiesel) and crude glycerol as by-product. The 
transesterification reaction has been reported to occur simultaneously for all carbonyl carbon 
(s) of the triglyceride molecule. It has been observed that, to achieve complete 
transesterification a 1:3 molecular ratio of (fatty acid to alcohol) is used. 2  Scheme 2 illustrates 
the transesterification reaction of triglycerides with alcohol using a catalyst. 
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+ 3 R`OH
Catalyst +
 BiodieselAlcohol Glycerol
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Scheme 2: Transesterification of triglyceride  
R1, R2, R3 represents the longest branched and unbranched chains of saturated and 
unsaturated alkyl groups, which vary in number of carbon atoms and double bonds present. 
R`OH group represents a short chain alcohol molecule (methanol is preferred). The catalyst 
may be either chemical or biological. 
Goodwin Jr et al. reported the problems that have been encountered with the use of 
homogeneous liquid base and acid catalysts in transesterification. These include catalyst 
recovery, miscibility of the catalyst with the product, as well as the toxicity and corrosiveness of 
catalysts which were noted as major challenges in the transesterification process. Researchers 
have therefore attempted to pursue other ways of improving the functionality of the applied 
catalysts in this reaction. 
Solid heterogeneous acid and base catalysts have been introduced for the transesterification 
of triglycerides. These catalysts have been evaluated in several ways with the major objective 
of achieving better reaction product yields, higher conversion of starting materials and better 
selectivity towards the desired product. 
The other purpose of solid heterogeneous catalysts is based on overcoming the reaction 
problems such as catalyst recovery that are associated with the liquid homogeneous acid and 
base catalysts. 
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When solid heterogeneous catalysts have been employed for the transesterification of 
triglycerides, some improvements have been observed. Examples of such improvements 
included: 1) high conversion of starting materials towards the desired reaction products 
achieved at lower reaction temperatures, 2) catalyst recovery at the end of a reaction, and 3) 
mild reaction conditions, with easy catalyst control.8,2  
Goodwin Jr et al. Performed a series of transesterification reactions of triglyceride with alcohol 
using different types of solid heterogeneous catalysts loads. Their observations revealed 
favourable properties possessed by solid catalysts. These properties include active Lewis base 
sites vs. Bronsted base sites contained in these catalysts which act as catalytic sites of interest 
to carry out a reaction.8  
In addition, Ayato Kawashima et al. cited the work of (Xie et al., 2006) who studied the 
transesterification reaction of soybean oil with alcohol over an ETS-10 zeolite catalyst. The 
conversion of triglyceride to fatty acid mono-alkyl esters was reported to exceed 90% yield at 
100°C reaction temperature. In addition, 87% triglyceride conversion to mono-alkyl fatty acid 
esters was reported with potassium hydroxide-loaded alumina catalyst.2   
Research studies have also been conducted on biodiesel gas emissions to determine the 
amount of carbon dioxide released from combustion of these fuels as compared to that from 
gasohol fuel blends. The socio-ecological effects of these fuels were also examined and 
include the toxicity, corrosiveness and harmfulness of these fuels towards humans, plants and 
the environment. The results reported indicate that biodiesel fuel is much cleaner fuel 
compared to a fuel blend.  
The major advantage of biodiesel is its compatibility as a fuel for all conventional diesel 
engines, offering the same performance and engine durability as petroleum diesel fuel. Other 
biodiesel characteristics such as non-flammability, non-toxicity, and low odour have been given 
as reasons to recommend its use.9  
Table1.1 below illustrates the comparison of gas emissions of mono-alkyl fatty acid esters and 
those of a fuel blend (20 % biodiesel – 80 % petroleum diesel) known as B20 fuel. 
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 Table 1.1: Engine emission results from the University of ldaho 
Emission 100 % Ester fuel (B100) (%) 20/80 Mix (B20) (%) 
Hydrocarbons 52.4 9.0 
Carbon monoxide  47.6 26.1 
Nitrous oxides 10.0 3.7 
Carbon dioxide 0.9 0.7 
Particulates 9.9 2.8 
 Source Ref.9  
Demirbas M.F et al. have reported a dramatic increase in biodiesel production in European 
countries since 2002 – 4, with Germany being a leading biodiesel manufacturer in Europe. 
They have reported that in Germany, biodiesel fuel was initially used in automobiles in its pure 
state without blending with other fuels, however, in 2004 they started to blend biodiesel with 
fossil fuels (biodiesel mixed with petroleum fuel). They indicated that Germany produced more 
than 90 000 tons of fuel blend per annum and sales had reached almost 1 000 000 tons of fuel 
blend making them the leading biodiesel producer worldwide.10  Table 1.2 below denotes 
global biodiesel production trends. 
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Table 1.2: Summarized EU-25 biodiesel production figures  
Biodiesel Thousand (tons) Thousand (tons) Thousand (tons) 
Year 2002 (yr) 2003 (yr) 2004 (yr) 
German 450 715 1088 
France 366 357 502 
Italy 210 273 419 
Czech Republic 68 70 47 
Denmark 10 41 44 
Austria 25 32 100 
United Kingdom 3 9 15 
Spain 0 6 70 
Sweden 1 1 8 
Poland 0 0 1.2 
Hungary 0 0 200 
Total (EU-25) 1133.8 1504 2296.2 
Source Ref.10   
The glycerol that is formed as by-product from the biodiesel manufacturing process has thus 
also been produced in large volumes as a result of the increase production from different 
biodiesel manufacturers. The resultant global oversupply of glycerol has caused a decline in 
the commercial value of glycerol from a priced chemical to a waste disposal problem. 
Literature studies on glycerol research emphasize that in order to sustain the biodiesel 
manufacturing industry, the by-product (crude glycerol) needs to be processed further to 
produce more value added chemical derivatives/products.11   
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Crude glycerol produced from biodiesel production has reached a stage in which researchers 
have reported that the United States of America and European countries have contributed a 
million gallons of crude glycerol per annum from biodiesel manufacturing industries. The on-
going biodiesel production is thus shown to result in an oversupply of glycerol to the world 
chemical markets.5 
 
1.1.4. Glycerol Market Analysis 
Biodiesel production market analysis in European countries indicated an estimated amount of 
crude glycerol produced to be around 1.9 million tons in 2004, 3.1 million tons in 2005 and a 
continued increase up to an estimated 6 million tons in 2006-7. As discussed above, it is 
evident that, as biodiesel fuel production increases the need to derive more valuable products 
from the glycerol by-product will become increasingly important. Due to the large 
overproduction of crude glycerol, the price has declined as from the 1970`s to early 2005.  The 
literature has shown that, crude glycerol prices have dropped from US$0.80/lb (US$160/ton) to 
US$0.55/lb (US$110/ton) (UCAP 2006).  Refined glycerol in the U.S.A has been sold at an 
average price of about US$0.36/lb (US$72/ton) in year 2006 and further declined to US$035/lb 
(US$70/ton) in  2007- 2008(NAPM). The above figures of the glycerol market clearly indicate a 
decline in the commercial value of glycerine.9,3,5,6  
Table 1.3 below summarizes the estimated crude glycerol production volume versus annual 
price variation. 
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Table 1.3: Glycerol mass production and its price decline 
Year Biodiesel Volume 
(Million Ton) 
Estimated glycerol 
Volume (Million Ton) 
Glycerol price 
variations($)/Ton 
2004 1.900000 0.190000 110 
2005 3.100000 0.310000 110 
2006 6.000000 0.600000 72 
2007 6.000000 0.600000 70 
 
Below figure 1.2 shows a graphical presentation of the crude glycerol rapid growth in 
production volume and its price variation as indicated from the above tabulated data. 
 
Figure 1.2: Glycerol estimated prices and growth trends 
The above graph provides an estimated overview of crude glycerol rapid production growth 
and its relative price decline trends over the period 2004-7. The blue trend line indicates the 
quantity growth of crude glycerol annually, whilst the red trend line indicates the glycerol price 
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decline as it becomes more abundant. As indicated from the above graph, in early 2004 
glycerol prices were very high, with minimal glycerol supply to world chemical markets. In 
2005-6 glycerol prices have been observed to drop dramatically, with a simultaneous 
oversupply of crude glycerol resulting from the emerging biodiesel manufacturing industry. As 
a result the demand for glycerol has been observed to decrease due to oversupply and has 
resulted in a major global challenge.  It has been observed that furthering the conversion of 
crude glycerol to value added chemical derivatives could be a promising method to alleviate 
the oversupply of glycerol. The development of these value added products will not only help 
to sustain a biodiesel route, but stabilize the supply/demand balance of glycerol. 
Mohan Dasari et al. reported a similar graphical presentation of glycerol oversupply. Their 
research studies were conducted from 1999 to 2007, during which 500 million gallons of 
biodiesel had been produced. During this period, 50 million gallons of low value crude glycerol 
had been generated from the biodiesel process. In addition, they performed a price analysis of 
crude glycerol versus its production quantity over the same period. Their comparative studies 
have revealed that crude glycerol volumes increased annually, whilst the volumes of refined 
glycerol were declining.12 Figure 3 shows the graphical presentation of crude glycerol 
production volume amount and its price decline versus that of refined glycerol. 
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Source Ref.12 
Figure 1.3: Crude glycerol price analysis  
The above figure of glycerol market analysis (price vs quantity), shows a  similar trend to that 
presented in figure 1.3 above. In conclusion,  a good correlation between price and volume 
has been observed in literature studies of the crude glycerol market, indicating the need for 
conversion of surplus glycerol to other value added products.  
 
1.2. Glycerol Chemistry 
Glycerol is known as a polyol molecule with a chemical formula C3H5(OH)3. It has two primary 
and one secondary hydroxyl group; the primary hydroxyl groups are more reactive than the 
secondary hydroxyl group. Glycerol is water miscible and is also miscible with other polar 
organic solvents. Its chemical and physical properties make a versatile reagent that can be 
used with many other chemicals. Physically, glycerol has the appearance of a water clear, 
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odourless and viscous liquid with a sweet taste. Glycerol is obtained in crude form from animal 
fats, vegetable oils and in refined form from petrochemical derivatives. Glycerol constitutes an 
average of 10 % of animal fats and vegetable oils.  The physical properties of glycerol include 
a high boiling point (290°C) and a melting point of 17°C.12,23  Table 3 below shows glycerol 
chemical and physical properties. 
 Table 1.4: Chemical and physical characteristics of glycerol (Glycerine) 
Source Ref. 12,23  
Crude glycerol is obtained as a by-product from the biodiesel manufacturing process in large 
production volumes. It is a multipurpose chemical, with no cited adverse environmental effects 
of its use. Its physical and chemical properties provide a unique combination for its use in the 
Property Glycerol 
Appearance Colourless, viscous liquid 
Boiling point (760mm) 290°C (554 °F) 
Chemical name Glycerol or 1,2,3-propanetriol 
Density (g/cc3, 25°C) 1.25802 
Empirical formula C3H5 (OH) 3 
Freezing point 17°C (62.2 °F) 
Molecular weight 92.09g/mol 
Immiscible Chloroform, Benzene, ethylene, n-Heptane etc 
Miscible Ethyl alcohol, Isopropanol, water 
Viscosity Cp, mPa s, 20°C 1410 
Taste Sweet 
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production of various chemical products such as cosmetics, toiletries, personal care, drugs, 
and food products.13 
Its physical properties appear to be as important as its chemical properties for its use. These 
qualities allow glycerol to be used as a dispersing medium in the formulation of various 
chemical agents that include humectants, smoothing, sweetener, solvent, plasticizer, lubricant, 
bodying and processing aid etcetera.14 
1.3. Glycerol Conversion into Value Added Chemical Derivatives 
Literature has indicated that, for every 100 kg of triglycerides used for biodiesel manufacturing, 
90 kg is converted into mono-alkyl fatty acid esters (biodiesel), whilst 10 kg formed as by-
products (crude glycerol) of the transesterification reaction. Total world biodiesel production 
has been estimated to be around 1.8 million litres in 2003 with EU-25 biodiesel production 
contributing 1,504,000 (tons). This data implies that 150 400 (tons) of crude glycerol are 
produced as a by-product per annum. Most authors emphasize that the existing crude glycerol 
oversupply, from biodiesel manufacturing industry, needs to be utilized further to produce more 
value added chemical derivatives. The utilisation of crude glycerol surplus will help to sustain a 
biodiesel route as a future fuel source for green energy production.6  Figure 1.5 indicates a 
various products obtained from the transesterification of tri-glycerides in biodiesel processing. 
 
Source ref 15 
Table 1.5: Crude glycerol from biodiesel synthesis 
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As indicated in the above figure, various chemical products may be obtained from the biodiesel 
processing route. From the acid treatment of crude glycerine that is obtained from the 
transesterification reaction, three visible layers are observed in the sample bottle. The upper 
layer consists of unrecovered free fatty acids that are then transesterified to produce more 
biodiesel, and the lower layer consists of a salt solution that may be employed as an 
agricultural chemical fertilizer. The crude glycerol (middle layer) is obtained in larger amounts 
as compared to other two layers. Crude glycerol is separated from the mixture and purified by 
acid water wash to yield crude glycerine.  
There are several chemical reactions that have been carried out successfully to convert crude 
glycerol to valuable chemical derivatives. Some of these reactions include the synthesis of 
glycerol esters, glycerol ethers, propylene and ethylene glycols and glycerol carbonates etc. 
These glycerol value added chemical derivatives have a variety of industrial uses which 
include its use as an additive in fuels production, cosmetics, pharmaceutical products etcetera.  
The following reactions are typical examples of glycerol conversion reactions that have been 
developed using crude glycerol as starting material.  
 Glycerol hydrogenolysis reaction  
 Glycerol esterification reaction   
 Glycerol etherification reaction  
 Glycerol chlorination reaction  
 Hydrogen and ethanol production from glycerol 
 Synthesis of glycerol carbonates 
 Synthesis of biological glycerol-phosphate  
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1.3.1. Glycerol Hydrogenolysis Reaction  
Several routes have been developed for the synthesis of ethylene and propylene glycol from 
bio-degradable material (biomass).  An early reported route for ethylene and propylene glycol 
production has been based on biological conversion of sugar or sugar alcohol in the presence 
of enzymes as reaction catalysts. The synthesis of ethylene and propylene glycol from sugar 
and sugar alcohol molecules however requires high temperature and pressure (harsh reaction 
conditions). When metal supported catalysts have been employed in hydrogenolysis reactions, 
high product yields have been achieved with minimal drawbacks, although lower polyol 
molecules have been observed in small quantities as a by-product of the process.16  Scheme 3 
below indicates the hydrogenolysis reaction of glycerol with metal catalysts under hydrogen 
gas.  
+ H2
Catalyst
OH
OH
+ +
propane-1,2-diol propane-1,3-diolpropane-1,2,3-triol ethane-1,2-diol
OH
OH
OH
OHOH
OH
OH
 
Scheme 3: Hydrogenolysis of glycerol to propylene and ethylene glycols  
Balaraju M et al. indicated two possible reaction intermediates that are formed in the 
hydrogenolysis reaction of glycerol. These two intermediates are 3-Hydoxy propanal and 1-
acetol. They indicated the importance of an acid catalyst in the process as it plays a vital role 
in the dehydration step of glycerol to the reaction intermediates. The reaction intermediates are 
further hydrogenated over a metal or metal supported catalyst to form 1, 3-propanediol and 1, 
2- propanediol.16  Scheme 4 indicates a synthetic route of two forms of propylene glycol 
molecules from glycerol via hydrogenolysis process.  
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Scheme 4: Hydrogenolysis of glycerol to 1-hydroxypropane-2-one and propanediol  
From the schematic diagram above, the first dehydration step has been successfully carried 
out with homogeneous acid or base catalysts. The catalysis part of the hydrogenolysis process 
has, however, been shown to be subject to some reaction challenges when both 
homogeneous acid or base catalysts are utilized. Researchers have tended to focus more on 
the use of solid heterogeneous catalysts, rather than homogeneous catalysts, in order to 
improve the synthesis of both propylene and ethylene glycol molecules as well as to reduce 
the reaction complications associated with homogeneous catalysts.  
Utilization of solid heterogeneous catalysts in organic chemical reactions is observed to 
address many of the drawbacks that were experienced with homogeneous catalysts. Some of 
these drawbacks includes the miscibility of catalyst with a reaction product, the corrosiveness 
of catalysts and harsh reaction conditions. Some of these reaction drawbacks have been 
eliminated by substituting homogeneous catalysts with solid heterogeneous catalysts.16  
Excellent studies on solid heterogeneous catalyst have been conducted via a hydrogenolysis 
reaction of glycerol over M/C and M/C + Amberlyst catalyst (where M = Pt, Pd, Rh and Ru and 
C = carbon). The activity test results of these catalysts have shown low glycerol conversion 
over Pt/C and Pd/C, however, a promoting effect was observed when an Amberlyst catalyst 
was added. The activity test results that were observed over Rh/C, were comparable to those 
obtained over Ru/C. Reaction selectivity towards 1, 2-propanediol has been noted to improve 
over other observed reaction products.  Better reaction selectivity to 1.3-propanediol has been 
achieved over Rh/C + H2WO4.  
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The preferred glycerol conversional route to propylene and ethylene glycol has been observed 
to be via the formation of acetol (reaction intermediate), followed by hydrogenation over a 
metal supported catalyst. When the hydrogenolysis reaction of glycerol was conducted using 
this route over Ru/C catalyst, almost 100% reaction conversion was achieved with no 
observed signs of acetol dehydration in the process.17 
Solid heterogeneous catalysts used in the hydrogenolysis of glycerol are observed to play a 
vital role that includes the maximization of reaction product yields and better reaction 
selectivity.  In addition, some reaction drawbacks that have been observed with homogeneous 
catalysts were also reduced.  
Propylene and ethylene glycols are highly valued industrial chemicals that are mostly used as 
chemical additives in the synthesis of a wide variety of chemical products. The discovery of a 
more cost effective reaction route(s) for the synthesis of these products will assist in further 
reducing the oversupply of crude glycerol that has become a global challenge.  
There are a number of existing industrial chemical products that have been prepared from 
these chemicals. Some of them include, unsaturated polyester resins, antifreeze, de-icing, 
liquid detergents, tobacco humectants, flavours and fragrances, personal care products, 
paints, animal feeds, etc. An easily operated hydrogenolysis conversion route for glycerol is 
required to produce more industrial grade chemical products.16,17  
1.3.2. Glycerol Esterification Reaction  
The Esterification reaction of glycerol is a chemical process used to convert glycerol to glycerol 
ester. In this process, glycerol reacts with a carboxylic acid (usually acetic acid) as an 
esterifying reactant with the aid of a catalyst.  The product so formed is obtained as a mixture 
of Mono-Acetyl Glycerol (MAG), Di-Acetyl Glycerol (DAG) and Tri-Acetyl Glycerol (TAG). MAG 
and DAG exist as isomers while TAG appears in single form.18   Scheme 5 below indicates the 
catalysed esterification reaction of glycerol with acetic acid. 
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Scheme 5: Esterification of crude glycerol 
The Esterification reaction of glycerol with acetic acid (preferred acid reactant) shows good 
selectivity towards the formation of MAG and DAG, however, selectivity towards TAG is 
observed to be poor. Two esterification reaction methods have been developed in order to 
maximize the yield and selectivity to TAG.  The first route is based in normal esterification 
reaction, however, the reaction conditions are modified in a way to improve the selectivity 
towards TAG. The second route has been based on extending the conversion of MAG and 
DAG, formed during the usual esterification process, to TAG by the use of more reactive 
reagents such as acetic anhydride 19 
Recent studies have indicated that glycerol esterification has been carried out with acetic acid 
using homogeneous acid catalysts. Due to the toxicity, corrosiveness, and problematic 
recovery of homogeneous catalysts, the research focus has turned to the utilization of solid 
heterogeneous catalysts. Literature studies have reported the various challenges encountered 
when homogeneous catalysts are used in esterification reaction processes. Heterogeneous 
catalysts have therefore been employed in this process as to overcome the observed reaction 
drawbacks.18  
Zhu Yelei et al. reported pioneering work that was performed by Melero J.A.R et al. (2007), 
whereby they achieved good conversion of glycerol to glycerol esters over a heterogeneous 
zeolite catalyst. They achieved over 90% glycerol conversion to glycerol esters in a reaction 
Chapter 1 Introduction 
23 
 
time of only 10 minutes. The final glycerol ester product indicated selectivity of 13% towards 
the formation of TAG, while the remainder of the product was made up of MAG and DAG. 
Their experimental work has further shown an improvement in glycerol conversion towards 
glycerol esters with almost 100% conversion of glycerol with selectivity toward TAG of over 
34.8% in 4 h reaction time when using Amberlyst-35 catalyst. The best esterification reaction 
was obtained using acid anhydride, which gave selectivity to TAG of almost 100% in 15 
minutes of reaction time without the aid of a catalyst.   
They further investigated the recycle of solid heterogeneous catalysts for the esterification 
reaction. Their results indicate the possibility for the catalyst to be reused under controlled 
reaction conditions with catalyst deactivation only occurring when the reaction is performed 
near the upper temperature limit of the catalyst.19 
Mono-acetyl, Di-acetyl and Tri-acetyl glycerol esters are important industrial chemicals that are 
mostly used as chemical additives in food processing industries. In addition, these chemicals 
are used as additives in the synthesis of many chemical products. Some of these products 
include cleaning agents, softening, personal care, pharmaceuticals, lubricants, surface 
coatings, grease, fuel, rubber reagents as well as use as additives for plastic production, 
agrochemicals, and polyurethane foams.15 
The conversion routes of glycerol to glycerol esters are similar; however, the reaction 
parameters are the key aspect to determine the selectivity of the desired component(s) in the 
product mixture. 
1.3.3.  Glycerol Etherification Reaction  
The etherification of glycerol is the chemical conversion of glycerol into glycerol ethers. In this 
process, glycerol is etherified with isobutylene using a catalyst under controlled reaction 
conditions. Products such as Mono-tert-Butyl Glycerol (MTBG), Di-tert-Butyl Glycerol (DTBG) 
and Tri-tert-Butyl Glycerol (TTBG) are the resultant product mixture formed from the process. 
These ether molecules play a vital role in the modification of thicker diesel and biodiesel 
formulations. It has been shown that, the addition of glycerol ethers in biodiesel fuel, improve 
(reduce) its viscosity and also act as cold flow improvers for biodiesel. Due to the presence of 
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oxygen atoms containing in these glycerol ethers, they also play a major role in decreasing the 
emissions of particles, hydrocarbons, carbon monoxide and unregulated aldehydes, when 
added in standard diesel fuel.  Scheme 6 illustrates the etherification reaction of glycerol and 
isobutylene using a catalyst  
 
Scheme 6: Etherification of glycerol 
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Liquid homogeneous catalysts have been extensively used in this process, but due to the 
problems that were noted, solid heterogeneous acid and base catalysts have become   
preferred. 
Some comparative research studies on solid heterogeneous catalysis in the etherification of 
glycerol have been reported in literature. These studies have shown excellent improvement in 
the etherification of glycerol and the reaction complications that were associated with liquid 
homogeneous catalysts were also minimized. Some of these improvements include better 
conversion of glycerol to glycerol ether components at mild reaction conditions and selectivity 
favouring the formation of the most used DTBG. In this process, different types of solid 
heterogeneous catalysts were evaluated. Comparative research studies that have been 
conducted in this process are discussed below.  
Hoogendoorn Ir. A et al. reported the successful synthesis of polyglycerol ethers. In their 
process, glycerol was etherified with isobutylene at 533 K in a batch reactor at atmospheric 
pressure under N2 gas with 2 wt% load of solid acid catalyst. Good conversion and product 
yield were obtained and the water formed as reaction by-product was removed by distillation 
and collected in Dean-Stark water separator apparatus in order to determine the reacted 
amount of glycerol. 15 
Melero J.A et al. reported the etherification of glycerol with isobutylene over Cs2+ ion 
exchanged ZSM-5 catalyst. Their reaction system was operated at 260°C in atmospheric 
pressure.  Glycerol conversion of 17% was achieved over Ar-SBA-15 catalyst after 4 h of 
reaction time. Reaction selectivity of 92% was observed for di-tert-butyl glycerol.  When 2 wt% 
load of caesium ion exchanged zeolite catalyst was used, 79% glycerol conversion to glycerol 
ethers was observed, with 62% selectivity towards DTBG, 33% TTBG, 4% tetra-tert-butyl 
glycerol and 1% of oligomers.  
In conclusion, glycerol ethers are easily prepared and are used in many chemical formulations. 
Some  industries utilize these ethers as reaction solvents for many organic reactions, however, 
others utilize these ethers as additive in formulating domestic chemicals, pharmaceutical 
products, paints, varnishes, inks, detergents and cosmetics, fuel products (e.g. cutting fluids, 
jet fluids and brake fluids etc). 
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1.3.4.  Chlorination of Glycerol  
Various methods have been introduced for the synthesis of chlorinated organic molecules. 
Glycerol is a good starting material for the synthesis of epichlorohydrin due to the reactivity of 
the hydroxyl groups. Various protecting groups may be used to achieve the required selectivity 
for various steps in the synthesis.20  
Zhu J.W et al. discussed an early method for epichlorohydrin synthesis that was reported by 
Berthelot in 1854 (Berthelot and Luca, 1856) and (Clarke Hartman, 1941). In this method, 
glycerol was chlorinated with an aqueous hydrogen chloride solution using a catalyst and 
carboxylic acid as solvent. The reaction intermediate consists of two dichloropropanol isomers 
and water as by-product.  The primary substituted isomer so formed has been further 
hydrolysed with caustic soda to produce epichlorohydrine.21  Scheme 7 denotes the reaction 
for the synthesis of epichlorohydrine molecules from the reaction of glycerol with a hydrogen 
chloride solution and an acid catalyst. 
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Scheme 7: Synthesis of epichlorohydrine from crude glycerol 
They also described the formation of epichlorohydrine as a ring closure reaction that occurs via 
an internal nucleophilic substitution (SN2) mechanism preceded by base catalysed dissociation 
equilibrium. 
 Canela R et al. reported a single step reaction synthesis of di-chlorohydrine ester with 
carboxylic acid, where acetic acid was used as the preferred carboxylic acid reactant. In this 
process, glycerol is esterified with acetic acid using a chlorinating reagent (hydrated aluminium 
chloride) which was the preferred chlorine source rather than an alkali metal halide (i.e. NaCl). 
They explained the advantage of using solid hydrated aluminium chloride as it is an easier type 
of catalyst to handle as compared to anhydrous AlCl3.  In addition, Friedel–Crafts type 
reactions are also avoided.20  Scheme 8: below denotes the single step reaction for the 
Chapter 1 Introduction 
28 
 
synthesis of di-chlorohydrine ester from the reaction of glycerol with a carboxylic acid 
(reactant) using a solid heterogeneous catalyst.  
          
+
AlCl3. 6H2O
[BMIM][PF6]
Glycerol Carboxylic acid Isomers of Dichlorohydrine Ester
R = Alkyl or Aryl and [BMIM][PF6] = solvent
OHOH
OH
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R O
O
Cl
Cl
R O
O
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Cl
   
 Scheme 8:  Synthesis of Di-chlorohydrine ester molecule 
They encountered some reaction difficulties when short chain carboxylic acids were used 
where low conversion of glycerol was obtained compared to the higher yields obtained with 
aromatic and hetero-aromatic carboxylic acid molecules such as benzoic acid and 3-
nitrobenzoic acid.  
In conclusion, chlorinated glycerol derivatives are used as chemical additives in the formulation 
of various industrial products. Some of these products include formulation of cosmetic 
products, surface active agents, rubbers that exhibiting resistance to extreme temperatures, 
fuels, ozone, automotive and aircraft parts, seals, gaskets, insecticides, bacterial, fungicides 
etcetera. Chlorides containing organic chemicals are often caseinogenic, toxic and corrosive 
substances that may cause serious damage and adverse effect on human health. 
1.3.5. Hydrogen and Ethanol Production from Glycerol 
Producing energy from renewable resources has become a field of study that has generated 
much interest. Crude glycerol originated as a by-product from biodiesel manufacturing process 
and in turn has been used for hydrogen and ethanol bio-fuel production. The bio-conversion of 
Chapter 1 Introduction 
29 
 
crude glycerol to hydrogen and ethanol has extended the alternatives for bio-fuel production 
from renewable sources. Hydrogenation of glycerol is a process that has not only promoted the 
use of cleaner environmentally friendly fuels, but also assisted to minimize the oversupply of 
crude glycerol resulting from biodiesel manufacturing.22,15  
There are a number of other processes that have been evaluated for hydrogen gas fuel 
production. Some of these processes include water electrolysis, nuclear power energy, thermal 
decomposition of methane gas, gasification process, solar energy cycles and biological 
hydrogen production, etc. The steam reforming of crude glycerol to hydrogen gas fuel has, 
however, been observed to be a clean environmentally friendly route for green energy fuel 
production.23 
Naresh Pachauri et al. cited the work of Heirai et al. (2005), when they performed steam 
reforming of crude glycerol in the gas phase over a catalyst containing group 8-10 metal 
elements. In this work, they prepared the catalyst via an impregnation method using the Y2O3, 
ZrO2 etc as catalyst supports. The reaction was performed in a fixed bed stainless steel flow 
reactor at 500°C and atmospheric pressure. An aqueous solution of glycerol was fed with a 
micro-pump and Alumina balls were placed above the catalyst bed to preheat the glycerol 
mixture before contact with a fixed amount of catalyst for each run. By loading ruthenium in 
Y2O3 catalyst 3 wt% catalysts the optimal result for the steam reforming of glycerol was 
obtained.23  
 Ito T et al. discussed various biological methods that employ microorganisms that act as 
catalyst to produce hydrogen and ethanol fuel from crude glycerol molecules. In this process, 
they observed that E.aerogenes HU-101 microorganism can produce hydrogen and methanol 
with minimal production of other by-products, when using glycerol as substrate. They also 
mentioned the possibility of converting carbohydrates (sugars or sugar alcohols) to hydrogen, 
ethanol, 2, 3-butanediol, lactate and acetate via photosynthetic micro-organisms or by 
anaerobic fermentation. 
Chemical and biological studies of hydrogen and ethanol fuel production from glycerol have 
been shown to be a promising field of study that is expected to become a valuable source of 
future clean energy.24  
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1.3.6. Synthesis of Glycerol Carbonates 
Glycerol carbonate is a more recent value added chemical derivative of glycerol. This chemical 
is obtained as a monomer from the reaction of glycerol and acetic anhydride. Glycerol 
carbonate has various uses such as bio-lubricant, organic solvent for several types of 
materials, novel component of gas-separation membrane and resistance to oxidation. Glycerol 
carbonate possesses a unique chemical property from its reactive hydroxyl group towards 
anhydrides. Hence, esters or urethanes are produced when is reacted with isocyanates.25  
Scheme 9 denotes a synthesis of glycerol carbonate. 
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Scheme 9: Glycerol carbonates synthesis     
A.Kaszonyi et al. describe glycerol carbonate as an important chemical that has been used as 
a good solvent in the processing of many pharmaceutical products such as cosmetics, 
personal hygiene products and medical products. They also described other interesting 
chemical properties of glycerol carbonates that include its low toxicity, volatility, combustibility 
as well as its moisturizing capability when is mixed with other chemicals.25   
Rosaria Ciriminna et al. reported the carbonate synthesis they have performed with glycerol 
and acetic anhydride in a catalysed reaction system. The reaction conditions were 180°C and 
35 mbar. The results indicated high yields of about 86% to 99% of pure glycerol carbonate with 
small chain alcohol as by-product.26   
The catalyst was a solid acid powdered heterogeneous metallic or organo-metallic salt or a 
mixture of the two.  They clearly indicated that all types of salts that were successfully used in 
their process, were metal sulphates such as magnesium sulphate, manganese sulphate, zinc 
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sulphate, nickel sulphate etc. The metal cations incorporated in these catalysts were observed 
to act as Lewis acid sites that acted as catalytic sites.  
They also pointed out the preferred catalyst salt for the reaction as one that comprises the 
metal cations of d-block elements such as Zn2+, Mg2+, Mn2+, Fe2+, Ni2+ and Cd2+, which are 
characterized by having good catalytic properties. These catalysts improved the product yields 
without any observed loss or degradation of catalyst after the reaction and a catalyst is 
observed to be reusable.26  
 
1.3.7. Biological Synthesis of Glycerol-Phosphate  
Phosphate containing molecules plays a significant role in all cell processes for both animals 
and plants. These cell processes include the involvement of phosphate containing molecules 
in plant photosynthesis, metabolism, nitrogen cycle, immune response, trans-membrane, host-
pathogens and in other numerous biochemical reactions. Biological phosphate molecules 
(phospholipids) have been best prepared via phosphorylation of polyhydroxyl molecules 
(sugars) with phosphorylating agents such as phosphorus oxy-chloride, phosphorus pentoxide, 
phosphoric acid etc. Microorganisms are employed as biological catalysts in these reactions. 
Phospholipid molecules contained in the DNA and RNA backbone of cell wall and membrane 
of animal and plant species permit biological phosphate containing molecules to be used as 
substrate carriers for cell signalling purposes.27 Polyhydroxyl phosphate molecules are mostly 
used as base precursors or chemical additives in the synthesis of medical drugs and 
pharmaceutical products that enable administration of therapeutic reagent to the cells of living 
organisms.  
Paul G et al. reported a new type of polyhydric phosphate esters that are prepared by the 
phosphorylation of polyhydric molecules. They described these polyhydric phosphate esters as 
chemical reagents that are capable of preventing scale deposit on metal surfaces in hard water 
treatment process. These phosphates containing molecules contain some reactive phosphate 
groups in their structures. The presence of reactive phosphate groups in these molecules has 
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allowed phosphate containing molecules to be used as a base precursor in the synthesis or 
formulation of various chemical products.28 
In the phosphorylation process, the preferred polyhydric molecules are those that are derived 
from short chain alcohols such as ethyl, propyl, glycerol etc. Due to the polarity and acidic 
properties of these molecules, reaction product formed from this process is further converted 
into a salt material by partial or complete neutralization with an alkaline material such as 
potassium or sodium hydroxide, potassium or sodium carbonate ammonia or a basic amino 
compound etc. These polyhydric phosphate ester molecules are extensively used in water 
treatment as scale inhibitors for the creation of anti-corrosive; anti-scaling and anti-settling 
water systems.29  Scheme 10 denotes the structural representation of polyhydric phosphate or 
salts thereof. 
R O P
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O
OH
OH
R = Alkyl group  
Scheme 10: Structure of polyhydric phosphate  
They have shown that when glycerol is used, the primary hydroxyl group (s) are more reactive 
positions compared to the secondary hydroxyl group during the phosphorylation reaction. They 
highlighted that when phosphorylating reagent is used in excess, polyhydric phosphate tri-
ester is formed in high concentration compared to those of mono- and di-ester components. 
Contiero J et al. reported a biological fermentation metabolic process of glycerol that leads into 
a two branched path formation of pyruvate and dihydroxyacetone-phosphate (DAH-P). 
Dihydroxyacetone-phosphate (DAH-P) forms as a reaction intermediate from the first path of 
the fermentation process. It functions as a versatile building block for organic synthesis of fine 
chemicals. DAH-P formed from the second reaction path, is fermented further with an enzyme 
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(1, 3-propanediol dehydrogenase) to form 1, 3-propanediol (1, 3-PDO).28 Scheme 10 illustrates 
possible biological fermentation metabolic pathways of glycerol. 
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 Scheme 10: Metabolic pathways of glycerol  
Biological phosphate esters are very important molecules in many cell processes. Thus, 
utilization of glycerol in the preparation of this biological molecule is important as a starting 
material that comprise of good chemical and physical properties that allow it to penetrate easily 
into the cells of a living organism with no observed side effects. 
In conclusion, phosphates containing polyhydric molecules are widely used as additives in the 
synthesis of therapeutic reagents, medicinal drugs and in the formulation of pharmaceutical 
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products. Other uses of these phosphates containing molecules include their use as scale 
inhibitors for the creation of anti-corrosive; anti-scaling and anti-settling water systems. 
1.3.8. Summary of Other Uses of Glycerol 
Besides using glycerol in the processing of pharmaceutical, medical products or biological 
enzymes, it has also been used as a valuable nutritional diet feed ingredient for swine and 
cows. Research studies have indicated that supplementing cows with food containing glycerol 
(derived from soya beans) causes an increase in the water intake of cows. This, results in an 
improvement in milk production, since milk is constituted of 80% of water. 30,31  
Literature studies also indicated that glycerol also plays a vital role in maintaining the water 
balance in the human body. When a person consumes glycerol containing water, an increase 
in blood volume is observed with a decrease in body heating rate. Body temperatures have 
been noted to be a key aspect in this process causing increased urinary output in humans 
which subsequently provides endurance, especially in athletes during exercise in hot 
conditions.31  
 
1.3.9.  Background on Glycerol Use for Fertilizer Formulation 
In general, when soil is lacking in essential nutrients, fertilizers are used as soil amenders to 
replace the required plant nutrients in the soil. Solid and liquid fertilizer formulations are used 
to replace these required nutrients into the soil. Three primary essential nutrients, namely 
Nitrogen (N), Phosphorus (P) and Potassium (K) are used to prepare these formulations. Apart 
from primary nutrients, there are other types of essential nutrients that are used in these 
formulations. These essential nutrients include secondary and micronutrients that are used 
prominently in small quantities in many fertilizer formulations. Aqueous liquid fertilizer solutions 
are prepared by dissolving liquid chemical reagents and solid chemical salts in water that will 
provide the required nutrients in liquid fertilizer formulations.32  
Due to the corrosiveness and toxicity of inorganic acids used in fertilizer formulations, 
polyhydric phosphate ester and sugar phosphate ester molecules have been used as a 
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replacement for liquid acids and solid salts in these fertilizer formulations. Sugar phosphates 
and other polyhydric phosphate molecules have been used in these formulations as a 
phosphorus base precursor.  Various cations are chemically chelated or incorporated in the 
reactive phosphate groups of these molecules to form a desired fertilizer formulation solution. 
Smith R.A et al. have discussed the preferred types of polyhydric phosphate ester molecules 
that are suitable for use in many fertilizer formulations. Their observations have shown that the 
preferred polyhydric phosphate molecules are those that contain at least one P-OH group. 
These molecules must be derived from short chain alcohols such as methyl, ethyl, and propyl 
alcohol in order to achieve the desired degree of water solubility.33  
Ogle I. S et al. have indicated the importance of sugar phosphate ester molecules in 
formulating NPK fertilizer solutions. They elucidated the physical and physicochemical 
characteristics of sugar phosphate molecules to be those that adapt well to use as plant 
nutrients and soil conditioners.34 
In conclusion it has been observed that sugar phosphate ester molecules of lower carbon 
chain length are preferred for use in these formulations in order to obtain the desired degree of 
water solubility. The required ratio of nitrogen, phosphorus and potassium in these 
formulations should correlate with the quantities used in inorganic fertilizer formulations. 
 
1.4. Problem Statement 
There is a large oversupply of crude glycerol in the world chemical market due to the recent 
increase in production of biodiesel fuel. Crude glycerol oversupply has created a need or 
opportunity to add further value to glycerol by its conversion into value added chemical 
derivatives or products. 
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1.5. Research Hypothesis   
Glycerol-Phosphate Ester (GPE) product mixture can be chemically synthesized through 
phosphorylating of crude glycerol with phosphorus oxy-chloride (POCl3). The GPE product 
mixture so formed can be used as phosphorus base precursor to chelate or chemically 
incorporate cations to the reactive phosphate ester bond of this molecule. These required 
cations include ammonium (NH4
+) and potassium (K+) ions, which are regarded as plant 
essential nutrients.  
A Formulated Ammonium-Potassium-Glycerol-Phosphate (A-P-GP) fertilizer solution will be a 
more effective fertilizer formulation than an equivalent inorganic Ammonium-Potassium-
Phosphate (A-P-PO4) fertilizer formulation solution of the same nutrient concentration. 
 
1.6. Literature Review  
Large production volume of crude glycerol from biodiesel manufacturing processes is 
converted into value added chemical derivatives. Among these glycerol derivatives, polyhydric 
phosphate ester molecules are one of the broad classes of cost effective glycerol derivatives of 
various industrial applications. Some of these applications include cleaning reagents, 
emulsifier, antistatic agent, lubricant for fibres or metal-chelating agent for fertilizer formulation 
etc.  
 
1.6.1. Polyhydric Phosphate Ester Synthesis 
Utilization of water soluble phosphate ester molecules in fertilizer formulations has become an 
important field of study. These phosphate containing molecules are known to be prepared via 
phosphorylation reaction of polyol (s) and phosphorylating reagents in the presence of an 
inorganic base. Among the different types of polyhydric molecules used in this process, short 
chain polyhydric alcohol molecules have been considered the preferred polyol.  Various 
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phosphorylating reagents have been employed for these reactions. Some of these reagents 
include orthophosphoric acid (H3PO4), polyphosphoric acid (H4P2O7), phosphorus pentoxide 
(P2O5) and phosphorus oxy-chloride (POCl3). Due to the reactive potential of POCl3 at room 
temperature, POCl3 has been considered a preferred phosphorylating reagent.
28,35  
Tai et al. discussed various methods of glycerol phosphate ester synthesis. In their studies 
they found that glycerol is the preferred polyol molecule. This was due to the fact that glycerol 
is water soluble and has chemical and physical properties that make it easier to use.  They 
continued to describe their invention as one that is directed to a process for high yield of 
organic phosphate esters. Their synthesis of these polyhydric phosphate esters has been 
directed to a single reaction step in which glycerol is heated with phosphoric acid with 
simultaneous with water being removed under reduced pressure in the presence of an 
inorganic base.   
They categorized their reaction product mixture as the one that is derived from phosphoric acid 
material that is selected from phosphoric acid, poly-phosphoric acid and short carbon chain 
polyhydric molecules having less than four hydroxyl groups.36 
Konzak et al. (1994) indicated the importance of ethylene glycol in the synthesis of polyhydric 
phosphate esters as compared to glycerol. From their studies, it is apparent that their reaction 
parameters and phosphorylation reaction procedure was similar to that of Tai et al. (1978) 
although they selected ethylene glycol as their preferred polyhydric molecule.37   
Ihara et al. discussed a phosphoric ester mixture preparation method which consists of mono-, 
di-or tri-phosphoric esters. In their studies, they have shown that polyhydric phosphate ester 
can be prepared from a reaction of polyhydric alcohol and phosphorus-oxy-chloride in the 
presence of the metal salt of an acid having a pKa ranging from -5 to 13.  
In this process, they describe that the resultant hydrogen chloride (HCl) gas formed as by-
product of reaction process is trapped in a solution of a metal salt of a weaker acid than 
hydrochloric acid. Examples of these metal salts include those of organic and inorganic acids 
that have a pKa value ranging from -5 to 13 and more preferably from 2 to 7. It has been noted 
Chapter 1 Introduction 
38 
 
that after the phosphorylation reaction has been completed, an aqueous solution of an alkali 
(NaOH or KOH) is added to dissolve the mixture of phosphate esters as well as to hydrolyse 
the P-Cl bonds formed in the product. Pyrophosphate bonds present in the prepared 
phosphoric acid ester product are then further hydrolysed with aqueous acidic solution (H2SO4 
is preferred) if necessary to achieve a product with more mono- esters rather than di-, and tri-
phosphoric ester.38 
Utilization of metal chelated polyhydric phosphate fertilizer solution, as opposed to use of 
inorganic fertilizers, has been viewed as an environmental friendly technique to provide the 
required soil nutrients. Inorganic fertilizers have been observed to cause soil problems and 
side effects in plants after prolonged application. The presence of carbon in polyhydric 
phosphate ester molecules has also been viewed to provide advantageous soil functions. 
Carbon plays an important role in strengthening the soil bonds and also in preventing a soil 
against degradation processes.  
 
1.6.2.  Phosphorus Containing Fertilizer Formulations 
Processing and utilization of organic-phosphorus containing fertilizer formulations has been 
applied extensively as NPK fertilizer nutrition in plant treatments via fertigation processes. 
These organic-phosphorus containing liquid fertilizer formulations are easy to use as a soil 
amender and in foliar applications. Various types of liquid fertilizer formulations have been 
used extensively as an NPK nutrition source for plants. Examples of such formulations include 
Mono-Ammonium Phosphate, Di-Ammonium Phosphate etc. Due to their poor storage 
conditions and their negative effects on the soil, improved NPK fertilizer formulations have 
been considered. 
Byrd et al. reported a water soluble type of liquid Mono-Ammonium Phosphate (MAP) fertilizer 
formulation. The MAP fertilizer formulation showed improved storage stability compared to 
other prior used NPK fertilizers as well as minimal clogging problems that have been 
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associated with previous MAP solutions. The claimed advantages of MAP fertilizer formulation 
have been determined when used in a spray application method. 
 In this invention, a fertilizer composition 11-33-0 was used in experimentation. The above 
used fertilizer denotes a weight percentage ratio of nitrogen, Phosphorus pentoxide and 
Potassium oxide. Four chemical components were used in the formulation to obtain the 
desired ratios of nitrogen to phosphorus. These components include 62.86% of Mono—
Ammonium Phosphate (MAP), 4.83 % Ammonia, 31.81% water and 0.50 % of attapulgite clay. 
They indicated the advantage of MAP formulation, as a use of attapulgite clay that allows the 
formulation to be used as a solid suspension from which the plants obtain nutrients. 39  
 
1.7. Research Objectives 
The aims and the objectives of this research project are as follows: 
 Is to investigate a synthesis method for Glycerol-Phosphate Ester (GPE) product 
mixture, by using glycerol and phosphorus oxy-chloride (POCl3) under mild reaction 
conditions. 
 Characterize the product(s) formed 
 Characterize the process effluents 
   Formulate an NPK fertilizer known as Ammonium-Potassium-Glycerol-Phosphate 
(APGP) from the prepared GPE product mixture, which will be used as phosphorus 
base precursor for fertilizer formulation. 
 Evaluate the formulated APGP fertilizer solution by growing two weeks old tomato 
seedlings through a fertigation process for a period of six weeks. 
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 Perform a comparative study of APGP fertilizer formulation with a similar formulated 
fertilizer, Ammonium-Potassium-Phosphate (APPO4). A blank treatment will be used as 
a reference point between the two evaluated fertilizer formulation solutions. 
 A Statistical experimental design method will be used to interpret the observed 
experimental data to determine if there is any significant difference between the 
evaluated fertilizer formulations with respect to wet and dry weight of the tomato 
seedlings. 
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CHAPTER TWO 
REACTION SYNTHESIS OF GLYCEROL-PHOSPHATE ESTER (GPE) 
2. EXPERIMENTAL 
2.1. Material and Methods 
All organic, inorganic chemical reagents and chemical solvents used during experimental 
synthesis of glycerol phosphate esters (GPE) are listed below in table 2.1 and table 2.2.  
Table 2.1: Organic solvents and chemical reagents   
Chemical Name Formula Source Grade Dried 
Glycerol C3H8O5 Merck Ar Yes 
Methanol CH3OH Merck Ar No 
Xylene C8H10 Saarchem Ar No 
Acetone  C3H6O ACE CP No 
Hexane C6H12 Merck Ar No 
Acetonitrile CH3CN Saarchem Ar No 
Isopropanol C3H8O Merck Ar No 
Acetylacetone C5H8O2 Sigma-Aldrich Ar No 
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Table 2.2: Inorganic chemical reagents 
Chemical Name Formula Source Grade 
Sodium hydroxide NaOH Merck Ar 
Calcium chloride CaCl2 Merck Ar 
Sodium Hydrogen carbonate NaHCO3 Saarchem Ar 
Potassium chromate K2CrO4 M & B Ar 
Silver Nitrate AgNO3 ACE Ar 
Phosphorus-oxy chloride POCl3 Merck Ar 
Hydrochloric acid HCl EC LAB Ar 
Ammonium Nitrate NH4NO3 Ried- deHaen Ar 
Potassium Hydroxide KOH SMM Chem Ar 
Ammonium di-hydrogen  Phosphate NH4H2PO4 Merck Ar 
Sodium Chloride NaCl Merck Ar 
Sulphuric acid H2SO4  Saarchem Ar 
Sodium periodate NaIO4 Saarchem Ar 
Ammonium acetate CH3COONH4 Saarchem Ar 
Bromo-cresol green C21H14Br4O5S Saarchem Ar 
Methyl red C15H15N3O2   Saarchem Ar 
Methyl orange C14H14N3NaO3S Saarchem Ar 
Phenolphthalein C20H14O4 Saarchem Ar 
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2.2. Treatment of Glassware 
Laboratory glassware was washed before use with a solution of liquid soap and tap water, 
followed by thoroughly rinsing with distilled water and acetone followed by air drying. 
Glassware was further dried by heating overnight in an oven at 110⁰C, except for volumetric 
apparatus. The volumetric apparatus were washed and rinsed with acetone, hexane and finally 
air dried.40 
 
2.3.  Synthesis of Glycerol-Phosphate Ester Sample Mixture  
2.3.1. Summary  
Glycerol-phosphate ester (GPE) sample mixture was synthesized by phosphorylation of dried 
glycerol (C3H8O3) with phosphorus oxy-chloride (POCl3) in xylene solvent. The reaction was 
carried out in a three necked glass round bottomed flask. During the course of the reaction, 
hydrogen chloride gas (HCl) formed as a by-product, was trapped in NaOH solution of known 
concentration. Upon completion of the reaction, the GPE product mixture was separated from 
xylene under reduced pressure using a rotatory evaporator. The mass of GPE product was 
determined by weight.  
 
2.3.2.  Glycerol Drying Procedure 
Into a clean dried three neck round bottom flask (500 ml), equipped with a thermometer and 
Dean &Stark water separator connected to a condenser fitted with calcium chloride drying 
tube, 51.67g glycerol (0.561 mol) was added followed by xylene solvent (100 ml). The reactor 
flask was heated and stirred in such a way that xylene refluxes as rapidly as the column 
permits. Water collected in the Dean and Stark trap was removed from time to time and 
weighed until no more water was observed in the trap. After all the water was removed, the 
flask was allowed to cool to room temperature with simultaneous purging with nitrogen gas to 
Chapter 2 Experimental 
46 
 
prevent moisture contact with dried glycerol. The total mass of 3.57g water (0.1982 mol) was 
recovered from the trap and subtracted from the original mass of glycerol in order to determine 
the mass of dry glycerol remaining in the reactor flask. Finally, a mass of 48.1g dried glycerol 
(0.5223 mol) was obtained and the flask containing dried glycerol was kept tightly closed to 
prevent any moisture contact with the sample. Figure 2.1 illustrates the apparatus used for the 
glycerol drying process. 
  
Figure 2.1:  Drying set-up for glycerol 
  
2.3.3.  Synthesis of Glycerol-Phosphate Ester (GPE) 
The batch scale phosphorylation reaction of dried glycerol with phosphorus oxy-chloride 
(POCl3) was carried out in a three necked round bottomed flask containing dried glycerol of 
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known mass in xylene as indicated in figure 2.1 above. A dropping funnel, condenser fitted 
with a tubing outlet to a Sodium hydroxide (NaOH) scrubbing solution, nitrogen inlet, reactor 
thermometer and a vapour thermometer were all connected to the reactor flask. 29.366 g 
Phosphorus oxy-chloride (0.1915 mol) was added to the dropping funnel and added dropwise 
to the stirred reactor. . Hydrogen chloride gas formed as a by-product of a process was 
trapped in a 2.87 M NaOH solution.41,42                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
The reactor and vapour temperatures were monitored during and after addition of POCl3
. 
Before the addition of POCl3 the reactor temperature was maintained at 70°C by heating with 
an oil bath. During the addition of POCl3 the reactor temperature was maintained in the range 
of 98°C to 102°C while the vapour temperature remained below 20°C. When POCl3 addition 
was complete the reactor temperature was maintained at 105°C with no observed change in 
vapour temperature.  
Traces of hydrogen chloride gas remaining in a reactor flask were removed by purging with 
nitrogen gas which also prevented a back suction of base solution into the reactor flask. Once 
there were no hydrogen chloride gas bubbles observed from the trapping solution, the reaction 
was terminated and allowed to cool to room temperature. Xylene solvent was removed by 
evaporation under reduced pressure in rotatory evaporator. The resultant glycerol-phosphate 
ester (GPE) product mixture was collected, weighed and kept clean and dry in a sample bottle 
for further analytical characterization. 
Below figure 2.2 illustrates the experimental set-up used during the phosphorylation of glycerol 
with phosphorus oxy-chloride. 
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Figure 2. 2: Phosphorylation reaction set-up  
Figure 2.3 below shows the glycerol-phosphate ester (GPE) samples obtained from the 
phosphorylation reaction. 
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Figure 2.3: Glycerol-Phosphate Esters (GPE)  
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2.4.  Analytical Techniques    
2.4.1.   HPLC Glycerol Quantification Method 
An Agilent Technology 1100 series HPLC system fitted with a PrimeSep N column (4.6x 50 
mm) was used to analyse the glycerol-phosphate ester samples (GPE). The operating 
conditions used during sample analysis are indicated in Table 2.3 below. 
Table 2.3: HPLC conditions for the analysis of GPE sample  
Flow rate of mobile phase  1.00 ml.min-1  
Pressure range 400 bars 
Solvent (Mobile phase) 80 vol.% Acetonitrile + 20 vol.% dH2O 
Run-time 20 min 
Injection Standard injection 
Injection volume 1 μl 
Wavelength 410 nm 
Detector UV-Visible 
 
2.4.1.1.  Glycerol Sample Preparation and Calibration Curve Determination 
Glycerol stock solution:  
A stock solution was prepared by weighing 0.65 g pure glycerol (0.0071 mol) into a 50 ml 
volumetric flask which filled to the mark with distilled water. The resulting solution 
concentration was 13mg/ml. 
Glycerol standard solutions:  
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Five different glycerol standard solutions were prepared by transferring (1.0, 3.1, 5.1, 7.1 and 
9.2) ml of glycerol reference solution with a pipette into five volumetric flasks (100 ml) which 
were filled to the mark with distilled water. The concentrations of these solutions were 0.1, 0.3, 
0.5, 0.7 and 0.9 mg.  
 
2.4.1.2. Glycerol Derivatization Method 
From the five prepared glycerol standard solutions, 0.75 ml from each solution was transferred 
into a clean 10 ml test tube using a pipette.  1 ml of Periodate reagent (6.5 mg NaIO4, 9 ml 
H2O, 1 ml acetic acid and 0.77 g ammonium acetate) was added to each test tube and allowed 
to stand for 5 min. at room temperature.  After the test tubes were allowed to stand, 2.5 ml of 
Acetylacetone reagent (0.25 ml acetylacetone and 24.75 ml isopropanol) was added to each 
tube, shaken thoroughly and allowed to stand for 20 min at room temperature before analysing 
by HPLC t. Table 2.4 illustrates the observed peak areas of the derivative glycerol solution. 
Table 2.4: Glycerol concentrations and observed average peak areas  
Glycerol mass  Peak Area (s) Average Peak Area 
0.1 mg 165.8, 163.8, 164.3 164.6 
0.3 mg 203.0, 196.5, 194.3 197.9 
0.5 mg 234.0, 243.6, 242.8 240.1 
0.7 mg 269.2, 264.6, 270.7 268.2 
0.9 mg 296.5, 297.5, 295.9 296.6 
 
2.4.1.3. GPE Derivatization Method 
From the five prepared GPE samples, denoted as (RXN1, RXN2, RXN3, RXN4 and RXN5), 
0.75 ml of each solution was transferred into clean 10 ml test tubes to which 1 ml of Periodate 
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reagent (6.5 mg NaIO4, 9 ml H2O, 1 ml acetic acid and 0.77 g ammonium acetate) was added 
after which the tubes were to stand for 5 min at room temperature. After standing, 2.5 ml of 
acetylacetone reagent (0.25 ml acetylacetone and 24.75 ml isopropanol) was added and the 
solutions were thoroughly shaken and allowed to stand for 20 min at room temperature before 
analysis by HPLC. Table 2.5 gives the observed chromatographic peak areas of the GPE 
samples. 
Table 2.5: GPE concentrations and observed average peak areas 
Sample Name GPE mass/ml   Peak Area (s) Average Peak Area (s) 
RXN 1 1 mg 278.8, 267.6, 275.4 273.9 
RXN 2 1 mg 253.3, 253.2, 248.4 251.6 
RXN 3 1 mg 184.6, 185.8, 184.8 185.1 
RXN 4 1 mg 208.8, 206.7, 207.3 207.6 
 
2.4.2.   Determination of Total Organic-Phosphorus  
Total organic-phosphorus was determined by subtracting total inorganic phosphorus from total 
phosphorus contained in the GPE sample. Total organic phosphorus was performed by the 
method of Tai et al. enclosed in U.S Pat No. 4,100, 231(1978)43  using the formula:  
                                                                    
Total phosphorus and inorganic phosphorus content in GPE sample were analysed using the 
following methods:  
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2.4.2.1. Determination of Total Phosphorus Content in GPE Sample  
Total phosphorus determination was performed using a Varian ICP-OES spectrometer, 
equipped with a megapixel CCD detector with full wavelength coverage from 177 nm to 785 
nm. The detector is thinned and back illuminated for enhanced Quantum Efficiency (QE) in the 
UV. The detector is mounted on a two stage Peltier device and cooled to -30 °C for lower dark 
current and noise. Data was acquired from the detector by means of a Mercer personal 
computer equipped with ICP-Expert software. 
Table 2.6 gives the instrument parameters used for the ICP determination of total phosphorus 
in GPE samples. 
Table 2.6: ICP instrument parameters  
Parameters Values 
Wavelength 214.19 nm 
Calibration line Argon line 
Peristaltic pump step (flow settings) 3 
Replicates 3 
Rinse times 
Fast pumping 
Slow pumping 
3 
10 seconds 
20 seconds 
Background correction Adjacent to a peak on a baseline- set while 
scanning maximum concentration as 
standard (100 ppm) 
Extraction exhaust fan On 
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2.4.2.2. Determination of Total Inorganic-Phosphorus Content in GPE Sample 
Total inorganic or ortho-phosphorus in GPE samples was determined using an MC 500 
colorimeter (multi-parameter Orbeco Hellige instrument). In this method, ortho-phosphate as 
well as meta-, pyro-, poly and organic phosphates that have been hydrolysed by heating with 
acid and persulfate to form ortho phosphate. The resultant hydrolysed GPE sample (0.1 ppm) 
is reacted with Vanadate-molybdate reagent to an intense blue colour. The observed total 
inorganic-phosphate mass was converted to total inorganic-phosphorus using the method of 
Cassidy et al. (2003) as indicated below.44 
Total inorganic-PO4
-3  Conversion Factor  Total organic-P 
 
Table 2.7 below gives the parameters used for the determination of total inorganic-phosphate. 
Table 2.7: Instrument Specification 
Wavelengths 600 nm,  
Operating temperature 40°C) 
Output IR interface for data transfer, RJ45 connector for internet updates 
Display graphic display 
Power four AA batteries 
Dimensions 8-1/4" x 3-3/4" x 1-5/8" (21 x 9.4 x 4.4 cm) 
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2.4.3.  CHNS Analysis of GPE Samples 
Total carbon, hydrogen, nitrogen, and sulphur content in GPE samples were analysed with a 
CHNS Vario EL cube elemental analyser, Vario EL Cube instrument model, equipped with 
micro balance, a Non-Dispersive Infra-red Detector (NDIR) and Thermal Conductivity Detector 
(TCD) was used for the analysis. Electronic data acquired by means of Personal Computer 
(PC) to which the microbalance was linked.  
For analysis, GPE samples (5-10 mg) were weighed and sealed in a tin capsule, which was 
combusted at 1150 ˚C with a predetermined dose of O2 in a tube filled with tungsten trioxide 
(WO3) catalyst. The combusted products CO2, H2O, NOx and SO2 were carried by helium gas 
at constant flow through a reduction tube packed with high purity copper at 900°C to remove 
excess O2 and convert NOx to N2. The N2 was passed through to the detector while CO2, H2O, 
and SO2 were trapped and sequentially thermally desorbed before passing through to the 
detector. Data was acquired on personal computer equipped with software from Elementar 
(Vario EL version 1.3.1., Hanau, Germany).45 
 
2.4.4. . Determination of Chloride Ion (Cl-) Residue in GPE Samples 
The Mohr Method was used to determine residual chloride in GPE samples. GPE sample 
(5.61g) was digested with 21%  sodium hydroxide (NaOH) solution for 30 min at 760 mmHg in 
molar proportion of 1:2 (GPE: NaOH).  An aliquot of the digested GPE solution (25 ml) was 
titrated against standardized 0.10 M silver nitrate (AgNO3) solution using few drops of 5% 
potassium chromate (K2CrO4) as indicator.
46 
 
2.4.5.   Determination of HCl (gas) in NaOH Trapping Solution 
A back titration method was used to determine the mass of hydrogen chloride (HCl) gas 
trapped in the 2.87 M sodium hydroxide (NaOH) solution. An excess amount of NaOH was 
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used to ensure complete reaction of hydrogen chloride gas evolved from the phosphorylation 
reaction. The mass of hydrogen chloride gas was determined by volumetric acid-base titration. 
Excess hydroxyl ions (OH-) in the trapping solution were titrated against standardized 1.149 M 
HCl (aq) solution using phenolphthalein indicator.47  
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CHAPTER THREE 
PROCESS DEVELOPMENT OF GLYCEROL-PHOSPHATE ESTER PRODUCT 
3.1. Overview 
The purpose of this study was to optimise a laboratory procedure for the synthesis of glycerol-
phosphate ester (GPE) sample mixture via the phosphorylation reaction of glycerol with 
phosphorus oxy-chloride (POCl3). The reaction process effluents formed from this reaction 
have been characterized. Phosphorylation reaction methods from the literature have been 
used as a guide to develop a phosphorylation procedure for polyhydric alcohols using 
phosphorous oxy-chloride. 48,49 
The aim of this study is based on furthering the conversion of crude glycerol, formed as by-
product in the biodiesel manufacturing process, into a glycerol-phosphate ester precursor for 
use in fertiliser formulations. The synthesis procedure for GPE has been investigated and a 
new glycerol beneficiation route has been devised which may assist in reducing the oversupply 
of crude glycerol in world chemical markets. 
The phosphate ester groups containing in GPE are observed to have the capability of chelating 
with cations. The observed interaction of polyhydric phosphates with sugar phosphate 
molecules of DNA and RNA, containing in animal and plant cells, supports the notion of using 
GPE mixtures as substrate carrier in the synthesis or formulation of herbicide products.50 
Examples of such products include medicinal drugs, pharmaceutical products, nutritional 
supplements or agricultural organic fertilizers, etcetera. 
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3.2.  Glycerol Calibration Curve 
Five glycerol solutions of different concentrations were prepared and analysed as described in 
section 2.4.2. A linear glycerol calibration curve has been plotted based on the observed 
sample peak areas. Figure 3.1 below illustrates the calibration curve obtained. 
 
Figure 3.1: Linear calibration curve of glycerol 
A good correlation (R2) of 0.990 has been observed from the graph with a good linear 
relationship between the glycerol concentrations and the observed peak areas (PA). 
Further validation of the linearity of the curve was carried out by using a bivariate regression 
model. From a fitted data, the gradient of the curve (p-value), confidence interval, 95 % error 
uncertainty, LOD and LOQ of the curve were all determined.  
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3.2.1. Method validation 
Table 3.1 below gives the bivariate regression model of the HPLC calibration curve data. The 
gradient of the curve was observed from the model.  
Table 3.1: Bivariate regression model for glycerol linear calibration curve 
SUMMARY OUTPUT 
     
       Regression Statistics 
     Multiple R 0.995189978 
     R Square 0.990403092 
     Adjusted R 
Square 0.989664869 
     Standard 
Error 4.998522859 
     Observations 15 
     
       ANOVA 
      
  Df SS MS F 
Significance 
F 
 Regression 1 33520.26133 33520.26133 1341.60303 1.668E-14 
 Residual 13 324.808 24.98523077 
   Total 14 33845.06933     
 
         Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 149.9266667 2.621247501 57.19668464 5.26E-17 144.26381 155.5895276 
Glycerol 
Con. (X) 167.1333333 4.563006207 36.62789963 1.6684E-14 157.27556 176.9911089 
 
The observed p-value of 1.6684E-14 indicates a good fit of the data to the model.  The 
correlation square observed indicates a good linear relationship between glycerol 
concentration and peak area. Low p-values observed from the graph indicate that a linear 
curve best fits the data. Based on above table, a predictive linear equation has been derived: 
      (3.1) 
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Where: Y = denotes sample peak Area (P.A) of unknown sample, b0 = denotes the gradient of 
linear curve, X = denotes a concentration of unknown sample mass, b1 = denotes the intercept 
value. 
The above formula has been rearranged such that X is the subject of the formula. The derived 
formula can be used to calculate the mass of glycerol samples where the mass of glycerol is 
unknown. The rearranged formula is as follows: 
      (3.2) 
Possible outliers from the data have been identified by plotting the predicted peak areas 
against the standard residuals. Table 3.2 gives the predicted peak areas and standard 
residuals. 
Table 3.2: Predicted peak areas versus standard residuals  
RESIDUAL OUTPUT 
   
    
Observation Predicted Peak Areas (Y) Residuals Standard Residuals 
1 166.64 -0.84 -0.17439336 
2 166.64 -2.84 -0.589615646 
3 166.64 -2.34 -0.485810074 
4 200.0666667 2.833333333 0.588231571 
5 200.0666667 -3.566666667 -0.740479743 
6 200.0666667 -5.766666667 -1.197224257 
7 233.4933333 0.506666667 0.105189646 
8 233.4933333 10.10666667 2.098256617 
9 233.4933333 9.306666667 1.932167703 
10 266.92 2.28 0.473353406 
11 266.92 -2.32 -0.481657851 
12 266.92 3.78 0.78477012 
13 300.3466667 -3.846666667 -0.798610863 
14 300.3466667 -4.446666667 -0.923177549 
15 300.3466667 -2.846666667 -0.59099972 
 
Chapter 3 Results and Discussion 
61 
 
From the above table, the predicted peak areas have been plotted against the standard 
residuals in order to identify potential outliers in the data. Figure 3.2 illustrates the distribution 
of sample residuals around the zero line.  
 
Figure 3.2: Standard residual plot for glycerol calibration curve 
From the above scatter diagram, it can be seen that there is no observed hetroscadisticity in 
plotted standard residuals and random distribution of standard residuals around zero line can 
be observed. Only a single outlier has been observed out of the accepted range of -2 to 2. The 
observed outlier has not been rejected or removed from the data as it was found to be 
inconsequential. 
Since the true concentration (X) of an analyte of unknown concentration is difficult to quantify, 
it is essential to estimate the error at a 95 % confidence level in order to obtain a close 
proximity of measurement. The uncertainty error is determined using the formula given below: 
    (3.3) 
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Where; r: is the number of replicate signals (Y0), n: is the degree of freedom, Se: standard error 
To determine the 95% confidence interval for true analyte concentration, the formula below 
may be used:       
      (3.4) 
Where; t: is the t-distribution for 95 % confidence interval, n = is the degree of freedom (df) 
Table 3.3 below summarizes the linear calibration curve properties for quantification of 
unknown glycerol concentration.  
Table 3.3: Summary of glycerol linear calibration properties 
Properties Observed Values 
Intercept 149.9267 
Gradient 167.1333 
R2 0.990403092 
Sxo 0.02 
t-value (df =14) 2.145 
%RSD 6 
LOD 0.0897 
LOQ 0.2991 
LOD:  limit of detection 
LOQ:  limit of quantification  
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3.3. Results and Discussion 
3.3.1. Glycerol Phosphorylation Reaction Process  
Using  the phosphorylation reaction procedure described in chapter 2, four  products have 
been obtained from different reactions in which  different molar ratio (s) of glycerol to 
phosphorus oxy-chloride have been used while maintaining other reaction conditions constant. 
Table 3.4 below gives the molar ratio (s) of glycerol to POCl3 and the resultant mass of GPE 
product.  
Table 3.4: Glycerol phosphorylation reaction data observation 
Experiment Moles Glycerol Moles POCl3 Mass  GPE sample  (g) 
RXN-1 0.500 0.167 57.10 
RXN-2 0.500 0.169 56.83 
RXN-3 0.500 0.172 55.08 
RXN-4 0.500 0.176 56.76 
 
In order to achieve a high degree of glycerol phosphorylation, complete reaction of glycerol 
with phosphorus oxy-chloride is necessary.  The phosphorylation of glycerol was monitored by 
determining the residual amount of glycerol in the GPE products. 
 
3.3.2. Glycerol Quantification Method in prepared GPE Sample 
 The residual glycerol mass in GPE samples was quantified by HPLC using the method 
described in section 2.4.1. Table 3.5 gives the masses of residual glycerol in the GPE 
samples.  
 
Chapter 3 Results and Discussion 
64 
 
Table 3.5: HPLC glycerol quantification data 
 
The data in the above table indicates that the GPE product of RNX-3 contained the least 
amount of residual glycerol. The lower residual glycerol indicates a higher degree of 
phosphorylation that was achieved. The GPE product from RXN-3 was therefore selected to 
be further characterized in terms of its chemical properties.  
The excess of POCl3 used in RXN-3 and RXN-4 may explain the increased conversion of 
glycerol due to stoichiometry and also replacement of POCl3 that may have been lost from the 
reactor through entrainment with HCl evolved.  
3.3.3.  Quantification Method of Total Organic- Phosphorus Content 
The total organic phosphorus content in the GPE sample mixture was determined using the 
method of Tai et al (1978) enclosed in U.S patent No. 4,100,231. The total organic-phosphorus 
content was obtained by subtracting the total inorganic-phosphorus mass content from the 
total phosphorus in the GPE sample as shown in the equation below.42,43 
                                                                     
The total phosphorus t and inorganic-phosphorus were determined as discussed below: 
GPE 
Samples runs 
Mass         
GPE Sample 
Volume 
solution 
Avg3. Peak Area        
Glycerol residual in GPE 
Percentage      
Glycerol residual 
95 % Error 
Uncertainty 
RXN-1 50 (mg) 100 ml 273.9 (mAU) 1.48 % ±0.043 
RXN-2 50 (mg) 100 ml 251.6 (mAU) 1.23 % ±0.0411 
RXN-3 50 (mg) 100 ml 185.1 (mAU) 0.42 % ±0.044 
RXN-4 50 (mg) 100 ml 207.6 (mAU) 0.69 % ±0.0416 
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3.3.3.1. Determination of Total Phosphorus   
 The GPE product mixture from RXN-3, (100 mg) was dissolved in one litre of water from 
which a sample was withdrawn and analysed by ICP (section 2.4.2.2) to determine the total 
mass of phosphorus (P) in the sample. Table 3.6 below gives the results for total phosphorous 
in the GPE sample: 
Table 3.6:  Total phosphorus in GPE 
Chemical Properties Analysed GPE Sample Mass Complete GPE Sample Mass 
Sample Mass  100 (mg) 55.08 (g) 
Total Phosphorus  10.48 (mg)  5.772 (g) 
 
The ICP results indicate that a total phosphorus (P) mass content of 5.772 (g) is present in the 
GPE sample prepared in RXN-3. The expected total phosphorus mass, calculated from the 
mass (26.38 (g)) of POCl3 used for RXN-3 was 6.041 (g). 
For a complete phosphorylation reaction between glycerol and POCl3 a total phosphorus mass 
content of 6.041 (g) was expected in the GPE reaction product. Two possible factors that could 
have an effect on the mass difference between the measured and expected phosphorous 
content of GPE product are: 
 Loss of POCl3 through evaporation during POCl3 sample addition to the reactor flask. The 
high reactivity and volatility of POCl3 complicates the accurate weighing and addition of 
POCl3 to the reactor flask. In addition, POCl3 could be entrained by evolved HCl gas 
during the reaction. 
 Poor sample recovery after solvent evaporation due to fact that the GPE sample is a thick 
and viscous material that makes quantitative sample recovery practically impossible. 
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3.3.3.2. Determination of Inorganic Phosphorus  
Inorganic phosphorus was determined by the colorimetric method described in section 2.4.2.2. 
The observed mass of inorganic phosphate (determined as ortho phosphate) was multiplied by 
a factor of 0.33 to calculate the l mass of inorganic phosphorus content.  Table 3.7 gives the 
results for inorganic phosphate and phosphorus in the GPE sample.  
Table 3.7:   Inorganic phosphorus in GPE product 
Chemical Properties Analysed GPE Sample Mass  Complete GPE Sample Mass  
GPE sample 100 (mg) 55.08 (g) 
Total inorg-PO4
-3 content 0.99 (mg) 0.055 (g) 
Total Inorg-P content 0.297 (mg) 0.164 (g) 
 
The inorganic phosphorus is expected to be minimal in the GPE product which is consistent 
with the small amounts reported in the table above.  From the above results, organic 
phosphorus was calculated (as described in section 2.4.2.2) and found to be 5.88 g in the GPE 
sample prepared from RXN-3. 
 
3.3.4. Percentage Yield of Organic-Phosphorus   
The percentage yield of organic phosphorous in the GPE sample was determined from the 
measured amount in the sample and the theoretical amount possible. The theoretical amount 
of organic-phosphorus possible is that amount of total phosphorus in the POCl3 added if a 
complete phosphorylation reaction has been achieved. The actual measured amount of 
organic-phosphorus content in the GPE sample has been discussed above in 3.3.3. The 
formula below shows the calculation of the yield of organic-phosphorus in the GPE sample. 
Chapter 3 Results and Discussion 
67 
 
                 ( )          
                     
                           
           (3.5) 
Since the total phosphorus mass in thePOCl3 that was used was calculated to be 6.041 (g), 
the theoretically possible mass of organic-phosphorus in the product is the same.  The 
percentage yield of organic phosphorus has therefore been calculated as the actual amount of 
organic phosphorous in the sample as a percentage of the theoretically possible mass in the 
sample as follows: 
 
   
 
A high yield (97.4%) of organic-phosphorus was obtained in the GPE sample. This result 
indicates that a high degree of phosphorylation of glycerol with POCl3 been achieved although. 
A small fraction of phosphorus has been lost from the reaction. 
 
3.3.5. Determination of residual Chloride  
Traces of chloride ions present in GPE sample have been determined using the Mohr method. 
A known mass of GPE sample was titrated with a standardized 0.105 M AgNO3 solution. The 
results of the volumetric analysis are presented below in Table 3.8. 
Table 3.8: Determination of residual Chlorine in GPE sample 
Replicates Mass of GPE sample (g) Volume of AgNO3 (ml) % (w/w) Cl
- in GPE 
1 5.14 66 4.78 
2 5.21 74 5.35 
3 5.13 68 4.92 
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In this analysis, three replicate samples of GPE solution have been carried out to determine 
the residual chloride ion in the GPE sample.  The calculations for the determination of chloride 
ions in the GPE sample are shown below. 
Calculations for replicate sample 1 of GPE sample 
Mass of chloride ion (s) observed to be present in 5.14 (g) GPE, have been determined as 
follows: 
Atomic mass of Cl- = 35.45 g / mol 
 
                                         
      
  
                         
 
 
     ( )                      
           
     
          (  )           ( ) 
The mass of chlorine ions in the GPE sample mass of 55.08 g has been calculated as follows: 
 
     ( )   ‐   
      ( )    
     ( )    
             ( )   ‐           ( ) 
 
The percentage of chloride ion present in the GPE reaction product was calculated by dividing 
the mass of chloride ions determined in the GPE sample with the total mass of the GPE 
sample. The calculations have been performed as indicated below: 
 
      (           )    
       ( )        
      ( )     
                     
 
               (
                
 
 )          
 
All other replicate samples have been determined as indicated above. The analysis results are 
presented in table 3.6 above. 
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The residual chloride contained in the GPE sample was found to be low and may be due to 
either un-reacted P-Cl bonds and/or HCl in the GPE sample.   
 
3.3.6. CHNS Micro-analysis of GPE sample 
The GPE sample was analysed for CHNS according to the procedure described in section 
2.2.3. The results for the elemental analysis were Carbon (C) mass content:  29.28%, 
Hydrogen (H): 6.976%, Sulphur (S) 0% and Nitrogen (N): 0.06% present in the GPE sample. 
There was no sulphur (S) expected in the sample. The takes of nitrogen (N) found could be as 
a result of the nitrogen gas used for purging of HCl gas during the phosphorylation reaction. 
3.3.7. Summary of the Chemical Properties of GPE   
The chemical properties of the GPE sample mixture are summarized in table 3.9 below. 
Table 3.9: GPE sample chemical properties 
GPE Sample Chemical Properties 
Crude sample mass 55.08 (g) 
Percentage  glycerol residual 0.232 (g) ( ±0.044 Error uncertainty) 
Total phosphorus content 
Total inorganic-Phosphorus content 
Total organic-Phosphorus content 
10.60 % 
0.30 % 
10.29 % 
Percentage yield organic-Phosphorus  97.4% 
Percentage chloride ion (s) residual 5.02 % 
Percentage carbon (C) content 
Percentage hydrogen (H) content 
Percentage nitrogen (N) content 
29.28% 
6.97% 
0.06% 
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3.3.8. Determination of HCl (g) in NaOH Trapping Solution 
Hydrogen chloride gas (HCl) evolved as by-product in the phosphorylation of glycerol with 
phosphorus oxy-chloride was trapped in 2.87 M NaOH aqueous solution. The mass of HCl 
trapped was determined by a back titration method. Reaction equation 3.6 below indicates the 
reaction of hydrogen chloride gas and sodium hydroxide (NaOH) solution: 
   (3.6) 
The excess moles of NaOH in the aqueous solution have been titrated against a standardized 
1.149 M HCl (aq) solution. The reaction equation 3.7 below shows the back titration method 
used to determine the excess of NaOH in the trapping solution. 
   (3.7) 
The titration figures for the analysis of the excess NaOH in the trapping solution are given 
below in Table 3.10. 
Table 3.10: Volumetric analysis of NaOH trapping solution  
Replicates Volume NaOHexcess  (ml) HCl (aq) volume used (ml) 
1 25 33.4 
2 25 32.9 
3 25 33.3 
Average volume of HCl (aq) solution  = 33.2 
 
Below are the calculations for HCl (g) determination method: 
Calculations for replicate sample 1 for excess sodium hydroxide (aq) solution: 
Chapter 3 Results and Discussion 
71 
 
                                            
          (  )
   
                                
Excess moles of sodium hydroxide contained in a  25ml aliquot of trapping solution have been 
titrated against 1.14 M HCl (aq) solution and were found to be 0.043147 moles of NaOHexcess 
The  moles of NaOHexcess  in the trapping solution used(0.4L  of 2.87 M solution of NaOH) were 
calculated as follows: 
 
 
The moles of evolved HCl (g) dissolved in the 2.87 M NaOH trapping solution (recall equation 
3.6) must be equal to the moles of reacted NaOH (aq) with respect to the reaction equation. 
Therefore, the reacted moles of NaOH (aq) solution have been determined as follows: 
 
 
Since a molar ratio of one is to one is observed in equation 3.6, the moles of HCl (g) are the 
same as the moles of reacted NaOH (aq) solution. 
 
By using the molecular weight of HCl (g), the mass that was trapped in 2.87 M NaOH (aq) 
solution has been determined as follows: 
 
 
Chapter 3 Results and Discussion 
72 
 
The mass of hydrogen chloride gas evolved as by-product of the phosphorylation reaction was 
thus found to be 16.72 (g). The maximum theoretical mass expected is 20.95 (g). The 
observed mass difference between the actual and theoretical HCl (g) mass could be due to 
HCl gas lost through evaporation from the reaction system and/or the presence of P-Cl bonds 
in the GPE sample.  
 
3.3.9. Empirical formula Determination of GPE  
From the characterization results of GPE indicated in table 3.9 above, an empirical formula for 
the sample has been calculated based on the composition of carbon, hydrogen, oxygen, 
phosphorus and chloride ions that were measured. The percentage compositions of the above 
elements have been found to be as follows: carbon = 29.28%, hydrogen = 6.97%, phosphorus 
= 10.60 % and chloride = 5.02 %.The percentage composition of oxygen was calculated by 
difference to be 48.13%. An empirical formula was determined by dividing the observed 
elemental compositions with that of chloride ion to achieve the ratio of the elements present in 
the GPE sample. An empirical formula of C5.8H1.4O9.6P2Cl represents the chemical composition 
of the GPE sample. 
 
3.3.10. Batch Process Summary 
A process flow chart diagram and the mass balance of the glycerol phosphorylation reaction 
are discussed below to summarise the reactant (s) masses used and product (s) masses 
obtained from the reaction. 
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3.3.10.1. Process Flow Chart 
Figure 3.3 below indicates an overall process flow diagram of the batch synthesis of glycerol-
phosphate ester product and its by-products. 
 
Figure 3.3: Process flow diagram for synthesis of glycerol-phosphate ester mixture 
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3.3.10.2. Mass Balance 
Table 3.11 summarizes a detailed mass balance for the phosphorylation of glycerol figure 3.3 
above. 
Table 3.11: Glycerol phosphorylation process mass balance 
Phase Mass in (g) Moles in (mol) Mass out (g) Moles out (mol) 
First stage (Drying process of glycerol) 
Glycerol 
Xylene 
Water  
51.67 
86.00  
0 
0 
0.810 
0 
48.10 
86.00 
3.57 
0 
0.810 
0.198 
Second stage (phosphorylation process of dried glycerol) 
Organic phase 
POCl3  
HCl (gas) 
134.1 
 26.38 
0 
1.332 
0.1720 
0 
143.75 
0 
16.72 
1.045 
0 
0.459 
Third stage (Evaporation process of organic solvent) 
Organic phase 
GPE 
Xylene 
143.75 
 
1.045  
55.08 
86.36 
 
0.235 
0.810 
Total 441.9 3.359 439.58 3.557 
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3.4. Concluding Summary 
Glycerol-Phosphate Ester (GPE) sample mixture has been prepared by batch phosphorylation 
of glycerol with phosphorus oxy-chloride in the presence of an organic solvent under mild 
reaction conditions. The GPE product sample so formed has further been characterized to 
determine its chemical properties. The chemical properties that include the percentage 
polymeric material and molecular weight of the sample were not possible to determine due to 
the highly sophisticated analytical instrumentation required for this analysis (i.e. Gel 
permeation Chromatography). 
Excellent percentage yield of total organic-phosphorus content was achieved, with minimal 
amount of glycerol and residual chloride. The presence of phosphate ester groups contained in 
the GPE sample mixture provides the possibility for the GPE sample to be used as phosphorus 
containing base for the formulation of fertilizer solutions.  
It has been seen from the literature review that such a fertilizer may play a vital role during 
plant growth phase. The presence of organic-phosphorus in this formulation is viewed to be 
associated with less soil deficiencies as compared to the phosphorus content obtained from 
inorganic salts and acids. Carbon content present in GPE molecular structure is also viewed 
as a component that will aid in strengthening the soil bonds and prevent a soil against the 
degradation process. 
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CHAPTER FOUR 
FORMULATION AND EVALUATION OF LIQUID AMMONIUM-POTASSIUM-GLYCEROL-
PHOSPHATE FERTILIZER (APGP) SOLUTION  
4.1.  Overview 
For best plant growth, good nutritious soil is required to avail essential nutrients to the plants. A 
total of 18 chemical elements from periodic table are regarded as essential nutrients for plant 
growth. Essential nutrients are categorized into three subdivisions, namely Primary nutrients or 
Macro-nutrients (i.e. Nitrogen (N), Phosphorus (P), and Potassium (K)), Secondary nutrients 
(i.e. Calcium (Ca), Magnesium (Mg) and Sulphur (S)) and Micro-nutrients (i.e. Zinc (Zn), 
Chlorine (Cl), Boron (B), Copper (Cu), Molybdenum  (Mo), Iron (Fe), Manganese (Mn), Cobalt 
(Co), Nickel (Ni)).51,52 
When soil has a deficiency of these nutrients, modern lime or fertilizer materials are used as 
soil amenders to replace the essential nutrients to the soil. In many fertilizer formulations, 
primary nutrients appear in higher proportion than any other nutrient contained in these 
formulations. The proportion of primary nutrients in a fertilizer formulation depends on the type 
of formulation to be prepared for a particular type of plant species to be grown.51,53   
The formulation of various liquid or solid fertilizer materials is expressed as a percentage 
weight ratio of Nitrogen (N), Phosphorus pentoxide (P2O5) and Potassium oxide (K2O). The 
required masses of Phosphorus and Potassium are quantified based on their weight 
percentages as P2O5 and K2O respectively. The concentrations of individual primary nutrients 
are observed to differ from one fertilizer formulation to the other. In addition, the role of primary 
nutrients in plants differs from one plant species to the other. For example, a fertilizer 
formulation with a weight percentage ratio of 10N – 34P – 0K, has been observed to function 
best in corn plant while a combination of triple phosphate 0N– 46P – 0K and potassium nitrate 
13N – 0P – 44K, which gives rise to a special type of formulation 7N – 23P – 22K has been 
observed to function better in growing tomato seedlings.54, 55,    
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Secondary nutrients have been widely used as additives in concoctions with primary nutrients 
in many fertilizer formulations. Sometimes secondary nutrients are used together with primary 
nutrients or used as substitute for one or two of the three primary nutrients to form a new 
fertilizer formulation breed. Examples of such fertilizer formulations include calcium ammonium 
nitrate (17N – 0P – 0K – 8.8 CA) or calcium Nitrate (N: Ca), etcetera. Lastly, micro-nutrients 
appear in very small proportion in many formulations. These types of nutrients are best used to 
balance the nutrient charges between plants and soil nutrients. 56,57 
In this project, a formulation of 12N – 61P – 12K with respect to nitrogen (N), phosphorus 
pentoxide (P2O5) and potassium oxide (K2O) has been used to formulate a new type of NPK 
fertilizer formulation, known as Ammonium-Potassium-Glycerol-phosphate (A-P-GP). A liquid 
APGP fertilizer solution has been formulated based on the laboratory batch prepared Glycerol-
Phosphate Ester (GPE) sample mixture, whereby this sample has been used as a phosphorus 
base for the formulation. This liquid fertilizer formulation intends to chelate nutrients such as 
nitrogen (N) and potassium (K) with the phosphate ester group of GPE sample.   
The prepared APGP liquid fertilizer solution has been evaluated by growing two week old 
tomato seedlings. The performance of the formulation has been evaluated by experimental 
comparison with a laboratory prepared liquid inorganic fertilizer solution as a control, also 
known as Ammonium-Potassium-Phosphate (APPO4) fertilizer. These fertilizer formulations 
have been formulated in a similar manner with respect to the mass proportion of N, P and K 
while using different chemical sources for these nutrients. All chemicals that have been used in 
this project were pure analytical grade. There were no secondary or micro-nutrients used in 
these formulations, however, traces of chloride ions were expected to be present in APGP 
fertilizer solution.  
4.2. Materials and Preparation Methods 
4.2.1. Plant materials 
Two week old tomato seedlings were purchased from commercial seedling grows in Port 
Elizabeth (Bloomingdale Florist). 
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4.2.2. Chemicals  
Table 4.1 shows the chemicals that were used for the formulation of APGP and APPO4 
fertilizer formulations. 
Table 4.1: List of Chemicals used in formulation of fertilizer solution 
Chemicals Abbreviation Source 
Glycerol Phosphate Ester mixture GPE Laboratory batch prepared 
Ammonium di-hydrogen  Phosphate MAP Merck 
Ammonium Nitrate NH4NO3 Riedel- deHaen 
Potassium Hydroxide KOH SMM Chem 
 
4.2.3. Growth Media 
The growth media used for the experiment was a 2:1 ratio mixture of perlite and vermiculite. 
The agricultural perlite (pH 7.0) was obtained from Chemserve Perlite (Pty) Ltd, South Africa, 
while vermiculite of an average size of 1 to 3 mm, pH 7.5 – 8.5 was obtained from Mandoval 
Vermiculite Alrode, South Africa. The reason for the use of vermiculite mineral is due to its 
recognised qualities as an excellent growing media. Some of these qualities include its high 
liquid absorption capacity, light in weight, poor electrical conductivity and sterility. Perlite is 
characterized as a volcanic mineral that is chemically known as potassium sodium aluminium 
silicate, carrying a neutral charge based on its pH and has been shown to be an effective 
growth media for plants.58  
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4.2.4. Planting Pots 
Polythene-based plant pots having an approximate volume of 500 (ml) were obtained from the 
Agricultural laboratory of InnoVenton, Nelson Mandela Metropolitan University (NMMU), Port 
Elizabeth, South Africa.   
 
4.2.5. Experimental Design for the Comparative Study of Liquid Fertilizer Formulations  
Six plant replicates on each plot for the two evaluated fertilizer formulations were prepared. 
Each plot was treated with a unique liquid fertilizer solution during the experiment. A third plot 
with six plant replicates was used as a blank treatment for experimental comparison to 
determine any significant difference between the evaluated fertilizer formulation treatments. 
Figure 4.1 illustrates the experimental design set-up that was used during the fertigation 
process of tomato seedlings. 
 
Figure 4.1:   Experimental design for compared liquid fertilizer formulations  
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4.2.6. Preparation of Fertilizer Solution 
There are various factors that have been considered during the formulation process of the 
evaluated of APGP and APPO4 fertilizer solutions. Since this study is based on comparing two 
similar formulation treatments, the nutrient concentration properties of these treatments is 
required to be the same. The preparation methods for A-PGP and APPO4 fertilizer treatments 
are discussed further below. 
 
4.2.6.1. Chemical Properties of Prepared Fertilizer Formulation Treatments 
The liquid fertilizer formulation treatments have been prepared based on percentage weight 
composition (12 – 61 – 12) of nitrogen (N), phosphorus pentoxide (P2O5) and potassium oxide 
(K2O) respectively. The required masses of N, P, and K nutrients have been calculated on the 
above ratio to be added into 100 milligrams of fertilizer solution. The concentration of these 
nutrients in the fertilizer formulations was in parts per million into (ppm) as these nutrients are 
required by the plants in very small amounts.  Table 4.2 shows the chemical properties of the 
prepared liquid fertilizer formulation solutions, namely APPO4 and APGP. 
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Table 4.2: Chemical properties of compared fertilizer solutions  
Chemical  Properties Pure Tap 
Water 
Formulation 1 Formulation 2 
NH4-K-PO4 Fertilizer NH4-K-GP Fertilizer 
Element 0 N  P K N P K 
Composition (%) 0 12 61 12 12 61 12 
N-K-P  Molar Ratio  0 1  5.1 1 1  5.1 1 
Concentration (ppm)  0 12 26.84 9.96 12 26.84 9.96 
pH  7 6 .5 6.5 
Volume of H2O (ml) 1000   1000  1000  
 
4.2.6.2. Nutrient Mass Determination of Source Chemicals  
During the preparation of fertilizer formulation solutions, the required mass of phosphorus from 
phosphorus pentoxide (P2O5) and that of potassium (K) from potassium oxide (K2O) have been 
calculated based on fertilizer percentage compositions as indicated in table 4.3 below. 
Table 4.3: Determination of P and K values from P2O5 and K2O  
Column A Column B To obtain B multiply A by:  To obtain A multiply B by: 
% P2O5 % P 0.44 2.3 
% K2O % K 0.83 1.2 
 
Based on the required masses of N, P and K nutrients as indicated above, the source chemical 
sample masses containing the required masses of the above noted nutrients have been 
determined by using the following equation. 
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  (4.1) 
Where:  
Mass (g) C: Required mass of source chemical; Mass (g) N:  Mass primary nutrient in grams; Ar 
(g/mol) N: Atomic mass of primary nutrient; Molar Ratio (mol/mol): define a molar proportion of 
primary nutrient in a given source chemical; Mr (g/mol) C: Molar mass of source chemical  
 
4.2.6.3. Formulation of Ammonium-Potassium-Glycerol-Phosphate Fertilizer  
Liquid Ammonium-Potassium-Glycerol-Phosphate (A-P-GP) fertilizer solution was prepared by 
addition of 0.03427g NH4NO3 (0.00043 mol), 0.2561g GPE sample and 0.01429 g KOH 
(0.00026 mol) into a litre of distilled water. Table 4.4 below illustrates further the formulation 
method of A-P-GP fertilizer solution.  
Table  4.4: Formulation method of A-P- GP fertilizer solution 
Chemical Properties N P2O5 K2O 
    
Mass (mg) Nutrient  12 26.84 9.96 
Am (g/mol) Nutrient 14.01 142 94.2 
Mass (g) Compound 0.03427 0.2561 0.01429 
Source chemical NH4NO3 GPE KOH 
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4.2.6.4. Formulation of Liquid AP PO4 Fertilizer Solution  
The mass of nitrogen, phosphorus and potassium nutrients in the source chemicals such as 
mono-ammonium phosphate and potassium hydroxide have been calculated in a similar 
manner as described in table 4.4 above. Table 4.5 shows the masses of source chemicals that 
have been used in formulation of AP PO4 fertilizer solution. 
Table 4.5: Ammonium-Potassium Phosphate (APPO4) fertilizer formulation 
Chemical Properties N P2O5 K2O 
Percentage composition 12 61 12  
Molar ratio 1 5.1 1 
Masses (mg) 34.27 14.29 
Source chemical NH4H2PO4 KOH 
 
Below figure 4.2.6.4 indicates a prepared (12 – 61 – 12) liquid fertilizer formulation solutions.  
 
 
Figure 4.2:  NPK fertilizer formulation solutions 
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4.2.7. Transplanting 
Before transplanting, the pots were prepared by the method of as follows: 
A 5 mm layer of drainage stones (about 5 mm in diameter, washed with deionized water) were 
placed over the bottom of the plastic pots. The pots were then filled with a mixture of 
horticultural perlite 220 and vermiculite (2:1) to about 2-3 cm from the top of the pots. The 
growth medium was wetted with tap water until water dripped freely from the bottom of the 
container after which the pots were allowed to stand for 24 hours before transplanting.  
The seedlings were carefully removed from the pots with the aid of a spatula and excess soil 
was gently washed off with luke-warm water (30oC). The whole root system was placed into 
holes made in the growth medium. The medium around the plant was replaced and gently 
pressed firmly with the fingers.58 
 
4.2.8. Nutrient application 
The transplanted plants were watered twice a week for 6 weeks with the fertilizer treatments. 
Watering of about 230 (mL) of fertilizer formulation solution per plant, was provided for two 
days a week for the duration of the experimental. To achieve the same measurement of 
fertilizer solution, a measuring cylinder 1000 (ml) was used to ensure equal volumes of 
fertilizer solutions were provided to the plants. The measuring cylinder was rinsed twice with 
tap water before changing from one fertilizer solution to the other during the fertigation 
process. 
 
4.2.9.  Growth Chamber 
The growing chamber was conditioned as described in the work of P. Ndibewu et al (2004). 58 
A growth chamber (No. 011E) in the agriculture labs of the Nelson Mandela Metropolitan 
University was used for growing the tomato seedlings during the course of the experiment.  
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The advantages of using a growth chamber are based on the experimental parameters that 
include temperature, lighting, cooling and ventilation that have an influence on nutrient uptake 
by plants. In addition, the plant growth can be monitored regularly.  
The growth chamber, about 4.5 x 3.0 m, was equipped with 30 compartments (165.0 x 50.0 cm 
each) arranged on two sides across the chamber. Each compartment is capable of holding 
three trays (54 x 40 cm) in which six tomato seedlings were planted. The underside of each 
compartment was fitted with two fluorescent light bulbs that supplied the light required by the 
plants for photosynthesis.  
The growth chamber conditions were programmed as follows: The 8 hours of light were set 
with subsequent14 hours of darkness by using a Sigma switchboard connected to the growth 
chamber. The switchboard was programmed as follows, 16 – 21oC for the night temperatures 
and 21 – 27 oC for the day temperatures by using a Kovco temperature regulator.58 
 
4.2.10. Sample Collection and Weighing 
The tomato plant samples were harvested as a whole plant and placed in clean empty 
weighed containers. Any foreign particles (from the growth medium) observed within the plant 
was carefully removed by picking or gently shaking the plant material. The wet weighed 
samples were then dried at 60oC for 48 hours and weighed again to determine a dry weighed 
mass of tomato seedlings. 
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4.3. Results and Discussion 
The results obtained for wet and dry weighed masses of grown tomato seedlings are tabulated 
and discussed below. Statistical experimental design (SED) has been used to determine a 
significant difference between the evaluated fertilizer solutions with respect to weighed masses 
of tomato seedling. Blank treatment results have been employed as a reference point for the 
evaluated fertilizer treatments.  
 
4.3.1. Weighed Masses of Treated and Untreated Tomato Seedlings 
A total of six tomato plant replicates per plot were harvested according to their formulations 
after a six week experimental period. Each tomato plant was assigned its own number from 
each three plots used. All plants were weighed by difference using a laboratory balance. Table 
4.6 gives the wet weighed masses of treated tomato seedlings that were evaluated with the 
fertilizer treatments and blank treatment. 
Table 4.6: Wet weighed masses of tomato seedlings 
Replicates Blank Yield (g) F 1 Yield (g) F 2 Yield (g) 
1 Pure H2O 08.394 NH4-K-PO4 17.016 NH4-K-GP 10.939 
2 Pure  H2O 11.583 NH4-K-PO4 12.946 NH4-K-GP 11.650 
3 Pure H2O 09.876 NH4-K-PO4 11.953 NH4-K-GP 09.696 
4 Pure H2O 08.621 NH4-K-PO4 14.867 NH4-K-GP 06.450 
5 Pure H2O 08.005 NH4-K-PO4 08.025 NH4-K-GP 09.981 
6 Pure H2O 10.897 NH4-K-PO4 13.921 NH4-K-GP 08.575 
Average  9.56266  13.1213  9.5485 
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Wet tomato seedlings were dried in an oven at 60°C for 48 hours and the obtained dry plants 
were cooled in while excluding moisture. Table 4.7 below gives the tabulated masses of dried 
tomato seedlings. 
Table 4.7: Dried weighed masses of tomato seedlings 
Replicates Blank Yield (g) F 1 Yield (g) F 2 Yield (g) 
1 Pure H2O 1.121 NH4-K-PO4 2.070 NH4-K-GP 1.216 
2 Pure H2O 1.313 NH4-K-PO4 1.416 NH4-K-GP 1.233 
3 Pure H2O 1.183 NH4-K-PO4 1.284 NH4-K-GP 1.137 
4 Pure H2O 0.883 NH4-K-PO4 1.822 NH4-K-GP 0.657 
5 Pure H2O 1.010 NH4-K-PO4 1.010 NH4-K-GP 0.865 
6 Pure H2O 1.399 NH4-K-PO4 1.585 NH4-K-GP 0.837 
Average  1.1515  1.53116  0.99083 
   
4.3.2. Introduction to Statistic Experimental Design (SED) 
Statistical experimental design was used to determine if there was a significant difference 
between the evaluated fertilizer formulation treatments with respect to the plant growth. Two 
SED methods were used to interpret and validate the observed experimental data. The 
methods used include Anova single factor and t-Test method (Two samples assuming equal 
variances). These methods are appropriate for statistical comparison between two or more 
experimental variables used during the experimentation process. There are, however, basic 
experimental criteria that are required to be obeyed in order for the above mentioned methods 
to be used. 
Heidi M. Lumpkin et al. (2005) reported that, when conducting a comparative study between 
similar fertilizer formulations in a controlled farming system, some basic criteria for 
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experimental design and site selection should be considered. Some of these criteria include: 1) 
research plots used and the number of plant seedlings per plot must be a representative of the 
two fertilizers to be evaluated; 2) both experimental plots must be allocated on a same place 
and experience similar conditions during experimentation duration; 3) Soil type used during 
experimentation process should be the same; 4) planting and harvesting dates should be 
synchronized; and 5) experimental variables should be matched.59 
The tabulated experimental results given above have been examined using statistic methods 
to determine any significant difference among the compared fertilizer formulations for both wet 
and dry weighed masses of tomato seedlings. Anova single factor and t-Test methods are 
statistic methods that were used in the analysis of the data. The wet and dry weighed masses 
of the blank treatment samples were used as a reference to for the evaluation of the fertilizer 
formulations.  
A null hypothesis statement has been generated based on the assumption that the observed 
average sample mean values of treated and untreated tomato seedlings all have equal 
masses and the p-value observed from the statistic analysis of the data was used to determine 
any significant difference in the compared sets of formulations.  A standard p-value level of 
0.05 was used as minimum value to accept the statement established under the null 
hypothesis. This means that, the greater the absolute value observed from test statistics, the 
more probable the statement under the null hypothesis statement is true. 
Figure 4.3 illustrates the growth comparison of tomato seedlings from the initial plant growing 
phase until the tomato seedling harvesting date.  
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Figure 4.3: Growth comparison for treated and untreated tomato seedlings 
The above Figure shows the growth comparison of tomato seedlings, treated with two batch 
prepared formulations and a blank treatment. In the figure, fertilizer formulations are presented 
horizontally, whereas plant fertigation period is presented vertically. 
 
4.3.3. Data Analysis and Results Interpretation Using Anova Single Factor  
Three Anova components were used to interpret the observed experimental data. These 
components include F-statistics, F-critical and the p-value.  
The p-value is defined as the maximum significant level that may be used to accept or reject 
the statement under null hypothesis. For this project a p-value level of 0.05 (5%) has been 
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used as minimum significant level to accept the statement established under the null 
hypothesis statement.  A p-value level less than 0.05 will necessitate rejection of the null 
hypothesis.  
The null hypothesis statement for the analysed data has been established based on the 
assumption that all the average mean values of wet and dry weighed tomato seedlings masses 
for treated and untreated plants have equal mean values. The null hypothesis statement has 
been established as presented below: 
 Hₒ: µ₁ (Blank) = µ₂ (F1) = µ₃ (F2) 
Where: Hₒ: defines the hypothesized statement, µ: sample mean, Blank: blank treatment, F1: 
fertilizer formulation-1 treatment, F2: fertilizer formulation-2 treatment.  
Table 4.8 gives the Anova for the analysed data of wet tomato seedlings using the Anova 
Single Factor method.  
Table 4.8: Regression analysis for wet weighed masses of tomato seedlings 
Anova: Single  Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  Blank 6 57.376 9.562667 2.127843 
  F1 6 78.728 13.12133 9.244721 
  F2 6 57.291 9.5485 3.421402 
  
       
       
ANOVA 
     
 
Source of 
Variation SS Df MS F P-value F crit 
Between 
Groups 50.85889433 2 25.42945 5.15672 0.019749 3.68232 
Within Groups 73.96982817 15 4.931322 
   
       Total 124.8287225 17     
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From above regression table, the F-statistic is observed to be larger than the F-value 
(5.15672), which indicates to be out of F- critical range of 3.682. The p-value of 0.019749 has 
been observed to be far less than 0.05, thus, these observations indicate that the null 
hypothesis statement should be rejected. This is due to the experimental evidence that 
confirms that at least one of the three analysed experimental variables is significant different 
from the other two variables with respect to the wet weighed masses of tomato seedlings. 
By using the same statistical method for dry weighed masses of tomato seedlings, an Anova 
regression has been obtained for the evaluated batch formulations. The table 4.9 below gives 
the Anova analysis results for dry weighed tomato seedlings. 
Table 4.9: Regression analysis for dry weighed masses of tomato seedling  
Anova: Single Factor 
       
     SUMMARY 
      Groups Count Sum Average Variance 
  Blank 6 6.909 1.1515 0.036275 
  F1 6 9.187 1.531167 0.144759 
  
F2 6 5.945 0.990833 0.056331 
  
       
       ANOVA 
      Source of Variation SS Df MS F P-value F crit 
Between Groups 0.923841333 2 0.461921 5.838125 0.013327 3.68232 
Within Groups 1.186821167 15 0.079121 
   
       Total 2.1106625 17     
 
The anova results of dry weighed masses of tomato seedlings have shown a similar data 
interpretation as that obtained from the wet weighed masses of tomato seedlings. The results 
have provided confirmed evidence for a significantly different experimental variable from other 
used variables. Since the observed F-statistic value (5.8381) was found to be larger than F-
critical (3.68232) and the observed p-value level found to be less than the minimum p-value 
level used to accept the null hypothesis statement; the statement established under a null 
hypothesis statement has been rejected. The Anova single factor method has confirmed the 
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evidence for a significantly different variable among the used variables with respect to wet and 
dry weighed masses of tomato seedlings respectively. 
 
4.3.4. Data Analysis and Results Interpretation Using the t-Test Method  
Since a significantly different variable has been observed between the used experimental 
variables in the fertigation process of tomato seedlings, a t-Test (two samples assuming equal 
variances) has been used to distinguish which of the variables is significantly different. 
Wet weighed masses of tomato seedlings was analysed by the t-Test method under null 
hypothesis statement which was established to prove whether a set of two selected and 
compared batch fertilizer treatments are significant different from each other or not. A p-value 
level of 0.05 (5%) was also used as the minimum significant level to accept the statement 
established under the null hypothesis. A p-value level less than 0.05 will require that the null 
hypothesis statement will rejected. The null hypothesis statement has been created based on 
the assumption that the compared sets of formulations have the same mean values with 
respect to the weighed masses of tomato seedlings.  The null hypothesis statement is 
represented as follows: 
 Hₒ:  µ₁ (Blank) = µ₂ (F1); µ₂ (F1) = µ3 (F2) and µ1 (Blank) = µ3 (F2) 
Where: Hₒ: defines the hypothesized statement, µ: mean, Blank: blank treatment, F1: fertilizer 
formulation-1 treatment, F2: Fertilizer formulation-2 treatment. 
Table 4.10 gives the t-Test results for the compared data sets. 
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 Table 4.10: t-Test results for compared batch formulations 
 
From the above tables, the two paired comparative analysis of different fertilizer formulation 
treatments are denoted as Group A and B.  Group a compares formulation-1(F1) and 
formulation-2 (F2) treatments, whilst Group B compares the blank treatment and formulation-1 
(F1) treatment.  
From Group A: A low p-value level of 0.03373 has been observed from the analysed data of 
wet weighed masses of tomato seedlings. The observed p-value level has been found to be 
less than the accepted minimum significant p-value level of 0.05. Therefore, the statement 
established under the null hypothesis has been rejected. Statistical analysis has provided 
evidence that has confirmed a statistically significant difference among the compared sets of 
evaluated variables (formations) with respect to the wet weighed masses of tomato seedlings. 
 From Group B: A low p-value level of 0.02719 has also been observed to be less that the 
accepted p-value level of 0.05. Therefore, the statement established under the null hypothesis 
t-Test: Two-Sample Assuming  
 Equal Variance 
 
Group B 
    
    Blank F1 
Mean 9.562666667 13.12133333 
Variance 2.127842667 9.244721067 
Observations 6 6 
Pooled Variance 5.686281867 
 Hypothesized Mean 
Difference 0 
 Df 10 
 t Stat 2.584840477 
 P(T<=t) one-tail 0.01359479 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.027189579 
 
t Critical two-tail 2.228138852   
t-Test: Two-Sample Assuming 
 Equal Variances 
 
Group  A  
 
     F1 F2 
Mean 13.12133333 9.5485 
Variance 9.244721067 3.4214019 
Observations 6 6 
Pooled Variance 6.333061483 
 Hypothesized Mean 
Difference 0 
 Df 10 
 t Stat 2.45904532 
 P(T<=t) one-tail 0.016865769 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.033731537 
 t Critical two-tail 2.228138852   
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has been rejected. The observed statistical data has confirmed evidence of a statistically 
significant difference among the compared sets of evaluated variables (formulations) with 
respect to the wet weighed masses of tomato seedlings. 
A third set of comparison was based on comparing the blank and Fertilizer formulation-2 (F2) 
treatments,  denoted as Group C. Table 4.11 below gives the observed statistic data. 
Table 4.11: t-Test results for compared batch formulations 
 
 
 
 
 
 
 
 
 
 
 From Group C: A high p-value level of 0.9885 was observed from the analysed data of wet 
weighed masses of tomato seedlings. The observed p-value level has provided evidence for 
an insignificant difference between the compared set of evaluated variables (formulations) with 
respect to the wet weighed masses of tomato seedlings. 
A similar statistical data comparison has also been carried out for dry weighed masses of 
tomato seedlings. The compered sets of formulations have been arranged in group of two per 
set as indicated above. The results obtained after analysis are presented below in table 4.12. 
 
t-Test: Two-Sample Assuming Equal 
Variances 
 
Group C 
     Blank F2 
Mean 9.562666667 9.5485 
Variance 2.127842667 3.4214019 
Observations 6 6 
Pooled Variance 2.774622283 
 Hypothesized 
Mean Difference 0 
 Df 10 
 t Stat 0.014730801 
 P(T<=t) one-tail 0.49426835 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.9885367 
 t Critical two-tail 2.228138852   
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Table 4.12: t-Test results for compare batch formulations  
 
 
 
 
 
 
 
 
 
The results from the above compared sets of formulations for dry weighed masses of tomato 
seedlings have been noted to correspond with the results observed from wet weighed masses 
of tomato seedlings. A statistical analysis results for a compared study of Group D is based on 
a Blank treatment (Blank-F1) and Fertilizer formulation-1 treatment, whereas Group E has 
been based on formulation-1 treatment and in formulation-2 treatment (F1-F2). 
From Group D: A low p-value of 0.05372 has been observed from the analysed data for dry 
weighed masses of tomato seedlings. Weak evidence has been observed from this data 
analysis and it has been concluded that more data (sample replicates) is required in order to 
confirm a difference between the compared set of variables with respect to the dry weighed 
masses of tomato seedlings.  
From Group E: A low p-value level of 0.01450 has been observed from the analysed data of 
dry weighed masses of tomato seedlings. The observed p-Value level has been found to be 
less than the accepted minimum p-value level of 0.05 used to accept the null hypothesis 
t-Test: Two-Sample Assuming 
Equal Variances  
Group D 
   
   Blank F1 
Mean 1.1515 1.531166667 
Variance 0.0362751 0.144758567 
Observations 6 6 
Pooled Variance 0.090516833 
 Hypothesized 
Mean difference 0 
 Df 10 
 t Stat -2.1857396 
 P(T<=t) one-tail 0.026860817 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.053721633 
 t Critical two-tail 2.228138852  
t-Test: Two-Sample Assuming Equal 
Variances 
Group E 
     F1 F2 
Mean 1.531166667 0.990833333 
Variance 0.144758567 0.056330567 
Observations 6 6 
Pooled Variance 0.100544567 
 Hypothesized 
Mean Difference 0 
 Df 10 
 t Stat 2.951502016 
 P(T<=t) one-tail 0.007248678 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.014497356 
 t Critical two-tail 2.228138852  
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statement. Therefore, the statement established under null hypothesis has been rejected. 
Statistical analysis has provided evidence for a significant difference between the compared 
set of evaluated variables (formations) with respect to the dry weighed masses of tomato 
seedlings. 
Group F statistical analysis data was based on comparing a Blank treatment (Blank) and 
fertilizer formulation-2 treatment (F2). Table 4.13 gives the results between a Blank and F2 
treatment. 
Table 4.13: t-Test results for compared batch formulations  
 
 
 
 
 
  
 
 
 
 
From Group F: A high p-value level of 0.2250 has been observed from the analysed data of 
dry weighed masses of tomato seedlings. The observed p-value level has provided evidence 
of an insignificant difference between the compared set of evaluated variables (formulations) 
with respect to the dry weighed masses of tomato seedling.  
t-Test: Two-Sample Assuming  
 Equal Variances 
   
Group F 
 
    Blank F2 
Mean 1.1515 0.990833333 
Variance 0.0362751 0.056330567 
Observations 6 6 
Pooled Variance 0.046302833 
 Hypothesized 
Mean difference 0 
 Df 10 
 t Stat 1.293250418 
 P(T<=t) one-tail 0.112500182 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.225000365 
 t Critical two-tail 2.228138852  
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Average means graph and 95% error bars have been plotted from the observed results, to 
determine any possible overlapping that may occur between the sample means of wet and dry 
weighed masses of tomato seedlings. 
 
4.3.5. Means Graph and 95 % Error Bar Results Interpretation  
The Significant difference between the observed average sample mean values for wet and dry 
weighed masses of treated and untreated tomato seedlings have been further presented 
graphically, by using a 95% error bar chart method. A 95 % half width for the three evaluated 
formulation treatments has been determined in order to distinguish any possible overlapping 
that may have occurred between the compared treatments. A 95 % confident interval has been 
determined for the lower and upper limits of average sample mean values. Lower and upper 
limits have been calculated by subtracting and adding the half width to the average sample 
mean values of compared formulations. The formula below denotes the 95% half width 
calculation. 
     (4.2) 
The half width has been further used to calculate confidence intervals of compared sample 
means. The formula below denotes the confidence interval calculation. 
     (4.3) 
Where; X: Sample mean; t: t-distribution; n: degree of freedom; S: standard deviation. 
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Figure 4.4 below gives a sketched Means graph and 95 % Error Bars for wet weighed masses 
of tomato seedlings. 
 
Figure 4.4: Means graph of wet weighed mass of tomato seedlings 
From the graph above, it has been observed that at least two of the three error bars overlap 
each other’s means (centre points). One of the three error bars is, however, shown to be 
significant different from the other two error bars. Therefore, the graph has indicated a 95% 
probability that the two overlapping error bars denoted as the Blank treatment and fertilizer 
formulation 2 are not significantly different from each other with respect to the weighed masses 
of tomato seedlings.  
Similar graphical presentation has also been plotted for dry weighed masses of both treated 
and untreated tomato seedlings. Figure 4.5 provides a graphical representation below:  
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Figure 4.5: Means graph for dry weighed masses of tomato seedlings 
From the above graph, a similar graphical pattern is observed as in figure 4.4. 
In conclusion, it has been observed from the statistical analysis of the data that  the fertilizer 
formulation-2 treatment (A-P-GP) has been observed to have  poor performance in fertigation 
process of tomato seedlings as it was not found to be statistically different from the blank 
treatment.  Excellent fertigation performance was observed for the APPO4 fertilizer solution 
(formulation-2 treatment) as the APPO4 fertilizer solution was found to be significant different 
from the Blank and A-P-GP fertilizer treatments.  
As poor fertigation performance was observed for the APGP fertilizer solution, the overall 
research hypothesis of this dissertation must be rejected. In order to gain insight as to the 
possible reasons for the unexpected poor performance of the APGP fertilizer performance, 
further chemical investigation was carried out on the formulation to determine the potential 
drawbacks that could have been associated with this formulation. 
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4.3.6. Critical Analysis of Liquid APGP Fertilizer Formulation  
Physical and chemical drawbacks that have been assumed to contribute to poor fertigation 
performance of APGP fertilizer formulation treatment have been investigated further. Some of 
these factors include 1) precipitation that was observed from the fertiliser solution, 2) Possible 
nutrient concentration decline, and 3) the effects of residual glycerol or glycerol-phosphate 
esters in the APGP fertilizer solution used for this analysis and 4) the effect of residual chloride 
in the APGP fertilizer solution. 
 Precipitation in the formulation solution:  
During three weeks of liquid homogeneous APGP fertilizer solution aging, two separable 
phases were in APGP fertilizer sample.  A solid phase was separated from the solution by 
filtration and biologically analysed. Figure 4.6 illustrates the APGP fertilizer solution with the 
observed precipitation. 
 
Figure 4.6: Ammonium-Potassium-Glycerol-Phosphate fertilizer formulation 
Biological analysis results of APGP solution has indicated that the observed scale precipitation 
in APGP fertilizer solution was due to the growth and suspension of Fusarium oxy-sporum 
fungi species.60,61  
Fusarium fungal species is known as a microbe pathogen that employs diverse strategies to 
infect its host plant(s). It has been reported that fusarium fungus grows as a biotroph (obtaining 
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nutrients from its host plant without killing plant cells). Sometimes it acts as necrotroph (killing 
the host cells by using toxins) or hemibiotroph (a combination of necrotroph and biotroph).    
The strains that belong to Fusarium genus have been observed to cause server plant diseases 
such as vascular wilt, root rot and abnormal growth in many agricultural crops. These 
observations provide some evidence to suggest that the presence of this fungal species could 
have been a major the reason explaining the poor performance of the APGP fertiliser 
formulation.    
 Effects of residual glycerol content contained in the APGP formulation: 
The presence of residual glycerol and glycerol containing phosphates in APGP fertilizer 
solution has a significant effect in stimulating the growth of Fusarium oxy-sporum fungi species 
and its pathogenicity.  
Ghotbi M et al. have shown that glycerol appeared to have a significant impact on stimulating 
the pathogenicity of fusarium fungus species in the growth medium. They made their 
observations when they conducted an experiment to monitor the effect of nutritional regime on 
expression of pathogenicity of fusarium oxy-sporum against Orobanche aegyptiaca Pers in 
which glycerol was used as source of carbon in the growth medium.60 
 
 Nutrient concentration decrease:  
Nutrient concentration stability of APGP fertilizer formulation solution has been further studied 
together with that of APPO4 fertilizer formulation solution. The prepared fertilizer formulations 
were stored in the controlled growth chamber where growth chamber temperatures have been 
programed at 20 ºC to 22 ºC. Nutrient concentration stability of these formulations was 
monitored by weekly determining NPK nutrients. ICP was used to determine the concentration 
of phosphorus (P) and potassium (K) nutrient and nitrogen (N) concentration was determined 
by the Kjeldahl method. Table 4.14 below provides a summary of APGP and APPO4 fertilizer 
concentration values over a six week analysis period.  
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Table 4.14: Concentration stability testing results 
Analysis Period (weeks) Conc. A-P-GP Nutrient (ppm) ConcA-P-PO4 Nutrient (ppm) 
 N P K N P K 
0 11.4 26.91 9.97 12.2 25.90 10.4 
1 10.8 24.42 9.5 11.9 25.82 9.73 
2 8.9 20.31 9.3 11.3 25.68 9.44 
3 8.4 18.93 8.7 10.9 25.53 9.10 
4 7.6 18.16 8.2 10.4 25.21 8.99 
5 7.2 17.30 7.6 9.8 25.17 8.45 
 
A nutrient concentration variation has been observed from the analysed formulation solutions 
and the concentration trends are presented graphically below. 
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Figure 4.7: APPO4 concentration stability test 
In above the above graph, a stable nutrient concentration trend has been observed for the 
APPO4 fertilizer solution.  The small decline in APPO4 concentration could be related to 
analysis errors or much slower growth of microbes in the medium.  
A similar graphical presentation was also plotted for the APGP fertilizer solution. Figure 4.8 
below shows the nutrient concentration trend for APGP fertilizer formulation solution. 
Chapter 4 Results and Discussion 
104 
 
0
5
10
15
20
25
30
0 2 4 6 8
C
o
n
c
e
n
tr
a
ti
o
n
 (
p
p
m
)
Weeks
N-Nutrient P-nutrient K-nutrient
 
Figure 4.8: APGP concentration stability test 
A nutrient concentration decline can be observed from the analysis of APGP fertilizer solution. 
The observed decline of nutrient concentration of APGP solution was confirmed above to be a 
result of nutrient loss due to the growth of Fusarium fungus species in the solution. This fungi 
pathogen has consumed some of the nutrients in solution for the plant growth cycle. The 
observed abnormal plant growth in treated plants with APGP fertilizer formulation indicates 
insufficient or lack of essential nutrients, required for effective plant growth as well as the 
adverse effects of the pathogenic microbe species. 
 
 Effect of residual chloride  in APGP fertilizer solution: 
The observed residual chloride in prepared GPE sample (chapter, 3.3.5), were expected to be 
present in a small proportion in the APGP fertilizer formulation treatment.  From literature 
studies, it has been found that chloride ions are not toxic towards plants. These ions are used 
in most fertilizer formulations to balance the plant nutrient charges to those of soil nutrients, 
hence are termed as plant essential micro-nutrients.  
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Broyer et al. has indicated that, when chloride ions are present in fertilizer formulation 
solutions, plants tend to use these ions to improve their growth. In those plants with injured leaf 
areas, chloride ions tend to be effective in enhancing a recovery process of the injured leaves 
from chlorosis and resume normal growth.  If chlorosis has however expanded into a bronze 
discolouration, some leaves tend to regain their original colour but remain static with no further 
growth.62 
 
4.4. Concluding Summary 
Liquid Ammonium-Potassium-Glycerol-Phosphate (APGP) fertilizer solution was formulated by  
chelating  ammonium (NH4
+) and potassium (K+) ions with the  phosphate groups of the GPE 
base precursor sample. APGP fertilizer solution so formed was further been evaluated through 
a fertigation process of two weeks old tomato seedlings. An experimental comparison was 
been carried out with other lab prepared liquid Ammonium-Potassium-Phosphate (APPO4) 
fertilizer solution as a control and pure distilled water was been used as a blank treatment to 
determine any significant difference between the evaluated fertilizer formulations. 
Statistic analysis of the experimental results of the compared fertilizer formulations treatments 
has provided confirmation of excellent fertigation performance of APPO4 fertilizer formulation 
treatment in growing the tomato seedlings. Poor performance was observed with APGP 
fertilizer formulation treatment where no statistical difference was observed between APGP 
treatment and the blank. This result means that the overall hypothesis that a glycerol 
phosphate based fertiliser formulation will be a more effective fertilizer formulation than an 
inorganic based phosphate fertiliser must be rejected.  
The poor performance of A-P-GP fertilizer formulation has been related to the nutrient decline 
that was observed over time in the prepared solution. This decomposition was found to be as 
the result of a Fusarium oxy-sporum fungi species that had grown in the solution. This 
biological species has been observed to consume some of the nutrients that are required for 
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the plant growth. The presence of glycerol or glycerol containing phosphates has been 
reported in the literature to enhance the growth of Fusarium fungi species. 
 
Chapter 5 Summary and Conclusion Remarks 
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CHAPTER FIVE 
SUMMARY AND CONCLUDING REMARKS 
The main objective of this project was based on the synthesis a mixture of Glycerol-Phosphate 
Ester (GPE) sample, containing high percentage yield of organic-phosphorus content and 
evaluation of this product in a liquid fertilizer formulation. To achieve the desired chemical 
product, glycerol was phosphorylated with phosphorus oxy-chloride (POCl3) in xylene (organic 
solvent) under mild reaction conditions. The reaction product so formed was separated from 
the solvent, weighed and stored in sample bottle for further analysis. 
GPE product sample was further characterized by HPLC to determine the amount of glycerol 
residue present in a sample (< 2%). A, high percentage yield of organically bound phosphorus 
was achieved in the prepared sample which indicated a high degree of phosphorylation. The 
molecular weight and yield of polymeric material in the GPE sample were not determine due to 
the unavailability of sophisticated instrumentation (GPLC) that is required for this analysis. 
The prepared mixture of Glycerol-Phosphate Ester (GPE) sample was further evaluated as an 
organic-phosphorus base precursor in the formulation of Ammonium-Potassium-Glycerol-
Phosphate (APGP) fertilizer solution to provide the source of phosphorous as well as a 
chelating effect for other nutrients that were provided from other commercial chemicals. These 
cations include nitrogen (N) and potassium (K) elements that are regarded as plant essential 
nutrients.  
For a good plant growth, three primary essential nutrients are required by plants. These 
nutrients include Nitrogen (N), Phosphorus (P) and Potassium (K) elements, which play a vital 
role during the plant life cycle. Secondary and micronutrients are also grouped as essential 
plant nutrients needed during the plant life cycle. All these nutrients are required by plants in a 
very small proportion for a plant to undergo a normal growth. 
In this study, A-P-GP fertilizer solution has been formulated based on a fertilizer ration (12N -
61P -12K) with respect to the weight percentage ratio of N, P2O5 and K2O. 
Chapter 4 Results and Discussion 
108 
 
In the comparative experimental study, inorganic liquid Ammonium-Potassium-Phosphate (A-
P-PO4) fertilizer solution was formulated in similar manner to the A-P-GP fertilizer solution. 
These formulations were prepared to have the same concentration of N, P and K nutrients 
while the required nutrients were provided from different sources of chemicals. The 
performance of these fertilizer solutions has been investigated by growing two week old tomato 
seedlings under controlled growth conditions and a blank treatment has been used as a 
reference to determine any significant difference among the evaluated fertilizer solutions. 
Three experimental groups were denoted as Blank plot (Blank treatment), F1 plot (Fertilizer 
formulation-1 treatment) and F2 plot (fertilizer formulation-2 treatment). During the 
experimentation process, Fertilizer formulation-1 treatment was an Ammonium-Potassium-
Phosphate (A-P-PO4) fertilizer solution, whilst fertilizer formulation-2 treatment was an 
Ammonium-Potassium-Glycerol-Phosphate (A-P-GP) fertilizer solution. Each plot contained six 
plant replicate samples.  
These tomato plant seedlings were planted in a soil with the some composition, fertigated 
twice a week with similar fertilizer formulations containing the same concentration of NPK 
nutrients respectively. Growth chamber temperatures have been programmed to be conductive 
maximum plant growth. After six weeks of experimental duration, treated and untreated tomato 
seedlings were harvested according to their plot allocation.  Wet tomato seedlings were 
weighed to determine their masses following which the plants were further dried in an oven, 
cooled under exclusion of moisture and the dried plants weighed to determine their masses. 
Statistic experimental design methods were used to analyse and interpret any significant 
difference among the evaluated formulations. These methods include Anova single factor and 
t-Test methods (Two samples assuming equal variances). The experimental results were 
evaluated on two Reponses; the first response was wet weighed masses of tomato seedlings, 
whilst the second response was dry weighed masses of tomato seedlings. 
Anova single factor method has shown low p-values (< 0.05) for both wet and dry masses of 
tomato seedlings, however, the observed p-values in the regression tables have also indicated 
that one of the three evaluated variables (formulations) was significantly different from the 
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other two variables. A paired t-test method was therefore used to determine the significantly 
different variable (formulation) from other variables (formulations). 
In the t-Test method, three sample plot masses have been grouped in pairs of two and 
analysed statistically.  These groups have been denoted as Group A for (Blank and F1), Group 
B for (F1 and F2) and Group C for (Blank and F2) only for wet weighed masses. A similar 
grouping was done for dry weighed mass, and was labelled as follows, Group D (Blank and 
F1), Group E (F1 and F2) and Group F (Blank and F2).  
Group A, B, D and E sets, for compared wet and dry weighed masses of tomato seedlings 
have indicated low p-value levels (< 0.05), which indicates a significant difference between the 
compared sets of fertilizer treatments. Group C and F for (Blank and F2) treatments for wet 
and dry weighed masses of tomato seedlings have indicated high p-value levels (> 0.05). 
These p-values indicate an insignificant difference between these variables (formulations). 
In conclusion: The observations from the  analysis of the above data confirms excellent A-P-
PO4 fertigation performance in growing tomato seedlings and insignificant difference between 
the performance of A-P-GP and the blank treatment due to a measured significant difference 
observed between (blank and F1) and (F1 and F2) treatments obtained after a comparison has 
been done between samples were compared statistically.  
The overall hypothesis that a glycerol phosphate based fertilizer formulation will provide 
improved plant growth performance must therefore be rejected. 
Several reasons for this unexpected result have been put forward. Chemical stability testing of 
the A-P-GP formulation confirmed degradation of nutrients in solution with time. The cause of 
this nutrient degradation was related to a Fusarium fungus species that had been found to be 
growing in the solution. The dispersion of this pathogen in the solution was observed in first 
week after preparation of the solution.  
It has been shown that the supply of nutrients from an A-P-GP formulation  were consumed by 
this pathogen The presence of glycerol in the solution was determined from the literature to be 
a contributing factor which  promoted or facilitated the Fusarium genus growth in A-P-GP 
solution. Poor fertigation performance of the A-P-GP fertilizer solution has been observed to be 
Chapter 4 Results and Discussion 
110 
 
due to lack of nutrient that promotes plant growth in solution and the presence of a pathogenic 
microbe. 
 
Further work to be done:  
 Further work should include a repeat of the experiments in which the fertilizer solutions 
are subject to a sterilization procedure immediately after preparation. 
 Chemical and physical properties of GPE molecule are determined in order to fully 
characterise the GPE.  
 Further studies are required for thoroughly determination of suitable phosphorylation 
reaction conditions that will favour complete glycerol reaction with phosphorus oxy-
chloride and minimize residual chloride. 
 Further research studies on stability of liquid homogeneous A-P-GP fertilizer solution. 
 Detailed research analysis of glycerol and glycerol-phosphate ester effects on Fusarium 
fungi species growth in APGP fertilizer solution. 
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